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INTRODUCTION:  Narrative  that  briefly  (one  paragraph)  describes  the  subject,  purpose,  and  scope  of  the  research. 


Understanding  and  exploiting  cell  death  processes  in  various  human  breast  cancer  cells 
following  clinically  useful  anti-tumor  drugs  is  a  major  focus  in  breast  cancer  research.  The  promise  is 
that  a  better  understanding  of  apoptotic  and  anti-apoptotic  processes  will  allow  improved  anti-breast 
cancer  efficacy  of  existing  chemotherapeutic  agents,  as  well  as  the  development  of  additional 
efficacious  drugs  which  elicit  programmed  cell  suicide  during  treatment  without  inflamation. 
Apoptotic  processes  occurring  in  human  breast  cancer  cells,  particularly  noncaspase-mediated  cell 
death,  are  poorly  understood.  We  discovered  that  a  previously  used  drug  for  anti-trypanosomal 
therapies,  li-lapachone  (B-lap),  is  an  active  agent  for  the  initiation  and  execution  of  apoptosis  in  a 
variety  of  human  breast  cancer  cells  in  a  p5 3 -independent  fashion.  In  the  course  of  defining  the 
compound’s  ability  to  cause  cell  death,  we  accomplished  the  following  objectives  or  defined  the 
following  mechanism  of  action  of  the  drug:  (a)  the  primary  intracellular  target  for  B-lap  was  NQOl,  a 
two-electron  reductase  which  was  ionizing  radiation-inducible;  NQOl -containing  cells  were  sensitive, 
NQOl -deficient  cells  were  resistant;  (b)  interaction  of  the  drug  with  NQOl  caused  a  futile  cycling  of 
the  compound  in  which  calcium  homeostasis  was  altered  within  3  mins  and  intracellular  ATP  levels 
decreased  to  <1%  within  30  mins;  (c)  no  evidence  of  caspase  activation  was  detected  in  NQOl- 
containing  breast  cancer  cells  during  B-lap-mediated  apoptosis;  (d)  an  intracellular  activation  of  a  non- 
caspase  cysteine  protease  was  activated  within  4-8  hours,  concomitant  with  the  appearance  of  DNA 
fragmentation,  measured  by  TUNEL  assays;  (e)  protease  activation  was  concurrent  with  atypical 
cleavage  of  PARP,  and  cleavages  of  lamin  B,  p53  and  degradation  of  pRb;  (f)  administration  of 
dicoumarol  (an  NQOl  inhibitor)  or  calcium  chelators  (EGTA  or  EDTA)  was  able  to  prevent  B-lap- 
mediated  apoptosis,  and  in  the  case  of  dicoumarol,  cell  lethality.  The  hypothesis  currently  being 
investigated  is  that  B-lap  activates  calpain,  a  noncaspase  cysteine  protease.  The  objective  of  the  grant 
is  to  clone  this  unknown  cyteine  protease  using  a  variety  of  strategies,  including  (1)  substrate  (PARP, 
p53  or  lamin  B)  affinity  chromatography;  (2)  previously  described  calpain  isolation  techniques;  and 
(3)  identification  of  specific  B-lap-mediated  PARP  cleavage  sites,  followed  by  use  of  these  sites  for  the 
isolation  of  this  B-lap-activated,  noncaspase  cysteine  protease.  A  complete  understanding  of  the 
initiation  and  execution  phases  of  B-lap-mediated  apoptosis  should  lead  to  improved  therapy  using  this 
compound  or  more  effective  derivatives. 
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BODY  OF  GRANT  UPDATE:  This  section  shall  describe  the  research  accomplishment  associated  with  each  Task  outlined  in  the 
approved  Statement  of  Work.  Data  presentation  shall  be  comprehensive  in  providing  a  complete  record  of  the  research  findings  for  the  period  of  the 
annual/final  report.  However,  appended  publications  and/or  presentations  MA  Y  be  substituted for  a  detailed  description  but  MUST  be  referenced  in  the 
BODY  of  the  report.  If  applicable,  for  each  Task  outlined  in  the  Statement  of  Work,  reference  appended  publications  and/or  presentations  for  details  of 
result  findings  and  tables  and/or  figures.  The  report  shall  include  negative  as  well  as  positive  findings,  and  also  shall  include  any  problems  in 
accomplishing  any  of  the  tasks.  Statistical  tests  of  significance  shall  be  applied  to  all  data  whenever  possible.  Figures  and  graphs  referenced  in  the  text 
shall  be  appended.  The  discussion  shall  include  the  relevance  to  the  original  hypothesis.  Recommended  changes  or  future  work  to  better  address  the 
research  topic  may  also  be  included,  although  changes  to  the  original  statement  of  work  must  be  approved  by  the  Grants  Officer. 


F:  Previous  Statement  of  Work  and  Accomplishments  Made. 

Grant  Objective:  To  test  the  hypothesis  that  expression  of  a  novel  apoptotic  protease  in  human 

breast  cancer  cells  directly  correlates  with  the  efficacy  of  Ji-lap.  The  objectives  of  this  grant  are 
being  accomplished  as  follows: 

Specific  Aim  #1:  Clone  the  unknown  apoptotic  protease,  which  is  activated  by  6-lap  and  whose 
activity  correlates  with  toxicity  after  acute  drug  exposures  (Years  0-2). 

B-Lap  activates  a  noncaspase  cvsteine  protease  during  apoptotic  cell  death.  Previous  research 
defined  the  DNA  unwinding  enzyme,  Topoisomerase  I  (Topo  I),  as  a  potentially  important  intracellular 
target  for  the  apoptosis-active  drug,  6-lap.  However,  the  efficacy  of  inhibition  or  activation  of  Topo  I 
by  6-lap  in  vivo  was  never  established.  In  fact,  to  date  no  intracellular  target  for  this  compound 
has  been  established. 

In  order  to  determine  the  key  enzymatic  target  for  6-lap,  we  first  established  a  number  of 
intracellular  proteolytic  reactions  that  occur  in  a  temporal  sense  during  6-lap-mediated  apoptosis  in 
MCF-7:WS8  breast  cancer  cells.  Since  activation  of  pre-existing  zymogens  is  common-place  during 
apoptosis  and  specific  apoptotic  substrates  are  known  [e.g.,  poly(ADP-ribosyl)  polymerase  (PARP), 
lamin  B,  the  retinoblastoma  protein  (pRb)],  we  examined  proteolytic  cleavage  reactions  occurring  in 
vivo  in  four  human  breast  cancer  cell  lines  at  various  times  after  6-lap  (4-8  pM)  treatment  (Pink  et.  al., 
Exp.  Cell  Research,  In  Revision,  enclosed).  Typical  cleavage  of  pRb  and  lamin  B  (Fig.  1)  were 
observed  at  8  h  posttreatment  with  4-8  pM  6-lap  (Pink  et.  al.,  Exp.  Cell  Research,  In  Revision, 
enclosed).  In  contrast,  an  atypical  cleavage  of  PARP  (appearance  of  a  ~60  kDa  PARP  polypeptide) 
was  observed  in  6-lap-treated  MCF-7  cells  (Fig.  2,  Pink  et.  al.,  Exp.  Cell  Research,  In  Revision, 
enclosed),  co-incident  with  lamin  B  and  pRb  cleavage  (Fig.  1).  Furthermore,  cleavage  of  p53  in  T47D 
human  breast  cancer  cells  was  also  found  (Pink  et.  al.,  Exp.  Cell  Research,  In  Revision,  enclosed).  The 
cleavage  events  described  above  occurred  in  6-lap-treated  MCF-7  or  T47D  cells  regardless  of  cell  cycle 
or  p53  status,  strongly  suggesting  that  DNA  Topoisomerase  Il-alpha  (which  is  cell  cycle  regulated, 
present  in  G2/M  and  S-phases  and  absent  in  Gq/Gj  cells)  was  not  a  determinant  in  6-lap-mediated 
toxicity.  Also,  we  noted  that  MDA-MB-468  and  MDA-MB-231  cells  were  fairly  resistant  to  6-lap 
treatment  found  (Pink  et.  al.,  Exp.  Cell  Research,  In  Revision,  enclosed). 
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We  next  examined  the  effects  of  various  specific  and  nonspecific  enzyme  inhibitors  on  6-lap- 
mediated  toxicity  using  the  specific  protein  cleavage  events  in  vivo  described  above.  We  discovered 
that  iodoacetamide  (I)  and  N-ethylmaleimide  (N),  global  inhibitors  of  cysteine  proteases,  prevented 
PARP  cleavage  in  6-lap-treated  MCF-7;WS8  cells  (see  Fig.  7,  Pink  et.  al.,  Exp.  Cell  Research,  In 
Revision,  enclosed).  In  contrast,  global  inhibitors  of  caspases  (i.e.,  zVAD-fmk,  zAAD-fmk,  and  zFA- 
fmk)  did  not  block  atypical  6-lap-mediated  PARP  cleavage  in  MCF-7:WS8  cells.  In  addition, 
inhibitors  of  granzyme  B,  cathepsins  D  and  L,  trypsin  and  chymotrypsin-like  proteases  did  not  prevent 
6-lap-mediated  atypical  PARP  cleavage.  Furthermore,  calpeptin,  calpain  inhibitor  III,  and  leupeptin 
(Figs.  2  and  3)  also  did  not  block  6-lap-mediated  apoptosis  and  concomitant  proteolyses  in  vivo.  We 
concluded  from  these  data  that  6-lap  treatment  of  certain  sensitive  human  breast  cancer  cells  caused  the 
activation  of  a  noncaspase  cysteine  protease  during  apoptosis;  cells  were  demonstrated  to  be  apoptotic 
by  DNA  fragmentation  TUNEL  assays  (Pink  et.  al.,  Exp.  Cell  Research,  In  Revision,  enclosed). 

NOOl  is  the  major  intracellular  target  for  6-lap.  We  extended  our  studies  using  inhibitors  to  more 
specific  enzymes.  The  structural  similarities  between  6-lap  and  menadione  and  1,2-naphthoquinones 
suggested  that  either  one-electron  reduction  enzymes  (p450  or  bSR)  or  two-electron  reductases  (e.g., 
NQOl)  may  be  involved  in  the  toxification  or  detoxification  of  6-lap.  Administration  of  dicoumarol,  a 
fairly  specific  inhibitor  of  NQOl,  prevented  6-lap-mediated  apoptosis,  6-lap-mediated  proteolysis  (e.g., 
atypical  PARP  cleavage),  and  6-lap-induced  cell  death  (see  Figs.  1,2  and  4,  Pink  et.  al.,  J.  Biol.  Chem., 
submitted,  enclosed).  Furthermore,  NQOl  levels  appeared  to  correlate  well  with  overall  sensitivity  to 
6-lap:  MCF-7:WS8>T47D»>MDA-MB-468  cells.  MCF-7  cells  contained  the  greatest  levels  of 
NQOl,  with  T47D  cells  containing  significantly  lower  levels  and  NQOl  level  absent  in  MDA-MB-468 
cells  (see  Fig.  3,  Pink  et.  al.,  J.  Biol.  Chem.,  submitted,  enclosed).  Furthermore,  we  noticed  that  MDA- 
MB-468  cells  were  fairly  resistant  to  6-lap  and  co-administration  of  dicoumarol  with  6-lap  did  not 
affect  the  minimal  toxicity  caused  by  this  drug  in  these  cells. 

To  further  demonstrate  that  MDA-MB-468  cells  were  resistant  to  6-lap  due  to  their  lack  of 
expression  of  NQOl,  we  then  transfected  these  cells  with  CMV-con trolled  NQOl.  Stable  NQOl- 
expressing  human  MDA-MB-468  breast  cancer  transfectants  were  compared  to  cells  containing 
pcDNA  vector  alone  to  their  sensitivity  to  6-lap  with  or  without  dicoumarol  co-administration.  As 
expected,  NQOl -containing  MDA-MB-468  transfectants  were  sensitive  to  6-lap  and  this  sensitivity  was 
completely  prevented  by  co-administration  of  dicoumarol.  6-Lap-mediated  apoptosis  and  it’s 
associated  proteolyses  (e.g.,  p53  and  PARP  cleavage  events)  in  vivo  in  MDA-MB-468  transfectants 
were  also  prevent  by  dicoumarol.  Surprisingly,  the  responses  of  NQOl-containing  compared  to  NQOl- 
deficient  MDA-MB-468  cells  to  menadione  exposures  were  opposite  those  of  6-lap.  NQOl -expressing 
MDA-MB-468  eells  were  extremely  resistant  to  menadione-induced  apoptosis,  PARP  cleavage  and 
lethality  due  to  the  known  detoxification  of  this  drug  by  NQOl.  Dicoumarol  co-administration  with 
menadione  increased  the  sensitivity  of  NQOl-expressing  MDA-MB-468  cells  to  this  drug,  in  direct 
opposition  to  the  protective  effects  of  dicoumarol  on  6-lap-mediated  cell  death.  These  data  showed  that 
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6-lap  targets  NQOl  for  its  lethal  effects  in  human  breast  cancer  cells.  Furthermore,  NQOl  detoxifies 
menadione,  but  enhances  6-lap  toxicity. 

B-Lap  undergoes  NQOl-dependent  futile  cycling  to  initiate  cell  death.  The  opposing  lethality  data 
using  coadministration  of  dicoumarol  with  menadione  or  6-lap  in  NQOl -containing  MCF-7:WS8, 
T47D  or  transfected  MDA-MB-468  cells  strongly  suggested  that  NQOl  detoxified  menadione,  but 
strongly  enhanced  6-lap-mediated  apoptosis  and  lethality.  In  NQOl  enzyme  assays  without  the  addition 
of  cytochrome  C,  we  noticed  the  continual  cycling  of  6-lap,  as  measured  by  the  loss  of  NAD(P)H  over 
time.  Addition  of  menadione  to  SlOO  cell  extracts  or  in  purified  NQOl  enzymatic  assays  led  to  one 
reaction  cycling  detoxification  of  menadione  with  the  utilization  of  one  mole  NAD(P)H  per  one  mole 
of  menadione  added.  In  contrast,  one  mole  of  6-lap  stimulated  the  loss  of  5-8  moles  of  NAD(P)H  in 
enzyme  assays  without  the  addition  of  cytochrome  C.  The  activities  above  were  completely  prevented 
by  administration  of  dicoumarol.  These  data  strongly  suggest  that  6-lap  undergoes  futile  cycling 
depleting  cells  of  NAD(P)H,  causing  dramatic  loss  of  energy  in  6-lap-treated  cells. 

B-Lap-activated  proteolyses  in  vivo  is  calcium-dependent.  The  cleavage  of  p53  in  6-lap-treated, 
NQOl -containing  human  breast  cancer  cells  strongly  suggested  that  calpain  was  activated  during 
apoptosis  stimulated  by  this  drug.  lonomycin  treatment,  which  causes  massive  influx  of  calcium  from 
the  outside  of  the  cell,  of  human  breast  cancer  cells  also  induced  an  identical  atypical  PARP  cleavage 
independent  of  NQOl  expression  (Fig.  3).  These  data  suggested  to  us  that  6-lap-mediated  apoptosis 
was  calcium-dependent.  Exposure  of  6-lap-treated  NQOl -expressing  MDA-MB-468  or  MCF-7  cells 
with  EGTA  or  EDTA  caused  a  suppression  of  6-lap-mediated  atypical  PARP  cleavage  (Figs.  4-6).  In 
addition  EDTA  or  EGTA  co-administration  also  suppressed  6-lap-mediated  p53  cleavage  (Fig.  7  and  8) 
and  lamin  B  (Fig.  8)  in  MCF-7  cells.  In  contrast,  treatment  of  MCF-7  cells  with  thapsigargin,  an 
inhibitor  of  the  intracellular  membrane-bound  calcium  pump  and  stimulator  of  calcium  release  from  ER 
and  mitochondrial  stores,  caused  typical  caspase-mediated  apoptosis  as  seen  by  the  typical  cleavage  of 
PARP  to  its  89  kDa  cleavage  fragment  from  its  full-length  113  kDa  peptide.  Finally,  administration  of 
BAPTA,  an  intracellular  calcium  chelator  also  prevented  6-lap-mediated  p53  and  atypical  PARP 
cleavage  events  in  MCF-7  (Fig.  10)  or  NQOl-expressing  MDA-MB-468  cells  (Fig.  11).  EDTA  or 
EGTA  treatments  of  6-lap-exposed  NQOl-expressing  cells  also  prevented  the  generation  of  6-lap- 
mediated  apoptosis  (measured  as  TUNEL  positive  cells)  (Figs.  12  and  13).  Administration  of  EDTA 
also  prevented  ionomycin-induced  apoptosis,  but  not  apoptosis  induced  by  staurosporin  (STS)  or 
topotecan  (TPT)  (Fig.  14).  Thus,  the  atypical  PARP  cleavage,  as  well  as  p53  cleavage  in  6-lap-treated 
NQOl-expressing  human  breast  cancer  cells  was  mediated  by  a  calcium-dependent  noncaspase  cysteine 
protease,  which  we  high  suspect  is  calpain. 

Accomplishment  of  Stated  Tasks:  Using  the  above  data,  we  are  now  in  a  better  position  to  complete 
the  stated  tasks  of  our  grant.  Although  we  were  delayed  a  bit  with  the  move  of  our  laboratory  to  Case 
Western  Reserve  from  the  University  of  Wisconsin  almost  8  months  ago,  we  have  completed  a  majority 
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of  the  stated  tasks  of  Speeific  Aim  #1.  Furthermore,  we  now  have  genetic  models  with  which  to  isolate 
the  calcium-dependent,  NQOl -dependent,  noncaspase  cysteine  protease,  which  we  now  strongly 
suspect  is  calpain. 

Task  1:  Generation  of  PARP  cDNA  bacterial  and  mammalian  expression  vectors,  and  -methionine- 
labeled  PARP  protein,  plus  or  minus  histidine  Tags. 

We  have  generated  his-  as  well  as  flag-tagged  PARP  cDNA  mammalian  expression  vectors  that 
can  be  propagated  in  bacterial  cells.  Using  either  wheat  germ  or  rabbit  reticulocyte  in  vitro 
transcription-translation  systems,  we  have  demonstrated  that  calpain  treated  in  vitro  synthesized  35S- 
methionine  PARP  protein  leads  to  an  identical  atypical  PARP  cleavage  fragment  (Fig.  15),  which  is 
prevented  by  co-administration  of  calpastatin,  addition  of  EDTA  or  EGTA,  or  calpain  inhibitors  (Fig. 
16). 


Task  2:  Initiate  6-lap-activated  apoptotic  protease  isolation  using  two  simultaneous  procedures  and  6- 
lap-treated  MCF-7:WS8  human  breast  cancer  cells. 

We  then  established  stably  transfected  MCF-7  cells  overexpressing  his-tagged  PARP. 
Treatment  of  these  cells  with  6-lap  caused  the  expected  appearance  of  a  60  kDa  atypical  PARP 
cleavage  fragment  from  endogenous  sources  of  protein  and  a  slightly  larger  his-tagged  PARP  fragment 
from  exogenous  sources  (Fig.  17).  These  cells  will  now  be  used  in  Specific  Aim  #2  as  described 
below.  The  following  Aims  will  be  completed  in  Years  2  and  3.: 

2A.  Standard  Protein  Purification  Procedure 

1.  Treat  roller  bottle-generated  MCF-7:WS8  cells  with  6-lap. 

2.  Confirm  protease  activation  via  endogenous  PARP  cleavage 

3.  Ammonium  Sulfate  Cuts  Performed,  active  fractions  pooled. 

4.  Mono-Q  16/10  FPLC 

5.  Mono-S  5/5  FPLC 

6.  Hydroxylapatite  column  chromatography 

7.  Superdex  200  26/60  gel  filtration 

*8.  Active  fractions  pooled,  analyzed  by  SDS-PAGE  for  atypical 
^^S-PARP  cleavage 

9.  In-gel  PARP  cleavage  assay  using  cleavage  site  tetrapeptide  fluorescent  substrate  generated 
from  “Procedure  B”. 

2B.  Affinity  Chromatographic  Purification  Procedure 

1.  PARP  cleavage  point  determination  and  tetrapeptide  syntheses 
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la.  Immunoprecipitation  of  PARP  fragments  using  C-2-10  Antibody. 

lb.  In  vitro  ^^S-PARP  cleavage+His  tag,  immunoprecipitation. 

lc.  PARP  fragment  purification  and  microsequencing. 

ld.  Cleavage  site  determined  by  computer  analyses. 

le.  Fluoromethylketone  and  fluorescent-tetrapeptide  cleavage  site-specific  peptides  made  by 
CWRU.  Several  will  be  made  as  positive  and  negative  controls  for  subsequent  enzyme  inhibition  or 
activity  assays. 

lf.  Confirmation  of  tetrapeptide-fmk  blockage  of  atypical  PARP  cleavage  and 

apoptotic  protease  activity  using  the 

tetrapeptide-fluorescent  substrate. 

lg.  Mutagenization  of  PARP  cDNA  at  cleavage  site,  in  vitro 

translate,  demonstrate  no  atypical  PARP  cleavage. 

2.  Construction  of  biotin-(streptavidin)-[X]-tetrapeptide-aldehyde. 

3.  DEAE  Chromatographic  Separation  of  6-lap-treated  MCF-7  cell 

extract,  analyses  of  atypical  cleavage  activity  using  ^^S -methionine  PARP. 

4.  Active  fractions  from  “Task  #2B.  3”  are  incubated  with 

5.  biotin- [X]-tetrapeptide-aldehyde  and  bound  to  streptavi din-agarose  beads  and  washed. 

6.  Apoptotic  protease  binding  proteins  are  eluted  with  biotin. 

*7.  Eluted  proteins  are  analyzed  by  SDS-PAGE,  silver  stained 

and  assayed  for  ^^S-PARP  cleavage. 

The  following  Tasks  may  not  be  needed.  The  Specific  Aims  below  may  not  be  required 
should  calpain  be  implicated.  Calpain-negative  cells,  either  deficient  in  calpain  expression  (mouse 
knock-out)  or  cells  overexpressing  dominant-negative  calpain,  will  be  used  to  explore  the  specific  role 
of  this  one  protease  in  6-lap-sensitivity.  Furthermore,  using  the  cell  models  developed  above  we  will 
also  explore  the  signaling  pathways  between  6-la  futile  cycling  and  activation  of  the  activation  of 
calpain.: 

Task  3:  Production  of  polyclonal  antisera  using  protein  from  (2A.  *7)  or  (2B.  *6)  above. 

Task  4:  Microsequence  purified  apoptotic  protease  polypeptides  from  (2A.  *7)  or  (2B.  *6)  above. 

Task  5:  Production  of  degenerative  PCR  probes  corresponding  to  apoptotic  protease  amino  acid 
sequences. 

Task  6:  Screen  for  6-lap-activated  apoptotic  protease  using  antibodies  from  Task  #3  and  PCR  probes 
from  Task  #5  in  a  sequential  expression  and  cDNA  hybridization  approach. 

Task  7:  Screen  for  full-length  6-lap-activated  apoptotic  protease  cDNA. 
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Task  8:  Sequence  and  analyze  the  apoptotic  protease  DNA  sequence. 


Task  9:  Subclone  the  apoptotic  protease  into  the  Tet-on  response  vector  for  Aim  #2. 

Task  10:  Examine  human  breast  cancer  cells  and  patient  tissue  samples  for  B-lap-activated  apoptotic 
protease  message,  protein,  and  enzymatic  activities. 

Specific  Aim  #2:  Transfect  sensitive  (i.e.,  MCF-7)  and  resistant  (i.e.,  MDA-MB-231)  human 
breast  cancer  cells  with  sense  and  antisense  expression  vectors  encoding  the  unknown  protease 
to  elucidate  the  role  of  this  apoptotic  death  enzyme  in  drug  resistance/sensitivities  to  B-lap,  or 
other  Topo  I  poisons  and  DNA  damaging  agents  (Years  2-3). 

Task  1:  Transfect  MCF-7:WS8  and  MDA-MB-231  cells  with  Tet-on  repressor  cDNA  and  isolate 
doxyeycline-responsive,  low  basal  level  subclones. 

Task  2:  Transfect  Tet-on  repressor-expressing  subclones  with  doxycyeline-responsive,  sense-  and 
antisense-oriented  6-lap-activated  apoptotic  protease  expression  vectors  and  double  select 
(hygromycin  and  neomycin)  clones. 

Task  3:  Examine  cells  generated  in  Tasks  #1-3  for  apoptotic  and  survival  responses  to 

B-lap,  TPT,  and  other  DNA  damaging  agents  (sueh  as  ionizing  radiation  or 

Topo  Il-alpha  poisons. 

Task  4:  Examine  treated  cells  in  Task  #4  for  apoptotic  cell  death  substrate  cleavage  and  Caspase 
activities,  as  well  as  for  the,  now  known,  6-lap  (CPT  +  PDTC)-activated  apoptotic  protease. 

Evidence  for  fi-lap-activated  apoptosis  mediated  by  calpain.  We  reasoned  that  if  B-lap  stimulates 
NQOl-dependent  calpain-mediated  apoptosis,  then  the  drug  must  eause  significant  alterations  in 
calcium  homeostasis.  In  collaboration  with  Drs.  George  Dubyiak  (Dept.  Biophysics,  CWRU)  and 
Clark  Distelhorst  (Hem//Onc.,  CWRU)  we  demonstrated  that  6-lap  treatment  of  NQOl-eontaining 
MCF-7;WS8  or  MDA-MB-468  transfectants  caused  dramatic  calcium  influx  within  3  mins  as 
measured  by  FURA-2  binding  (Fig.  18).  Appropriate  controls  for  the  release  of  extracellular  (ATP 
treatment)  or  intracellular  (Thapsigargin)  calcium  were  included  (Figs.  19,  20).  In  contrast,  calcium 
release  was  not  evident  in  NQOl -deficient  MDA-MD-468  parental  or  vector  alone  cells.  Furthermore, 
treatment  of  MCF-7:WS8  or  NQOl -expressing  MDA-MB-468  transfectants  with  6-lap  caused  the 
cleavage  of  p53  and  atypical  cleavage  of  PARP  at  the  same  time  as  the  cleavage-dependent  activation 
of  calcium,  as  monitored  by  Western  blot  analyses  of  the  appearance  of  the  18  kDa  active  subunit  of 
calpain  beginning  at  8  hours.  Furthermore,  the  appearance  of  these  cleavage  events  at  8  hours 
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coincides  with  the  initial  appearance  of  TUNEL-positive,  condensed-nuclei-containing  apoptotic  cells 
(not  shown)  at  8  hours  post-6-lap-treatment  of  NQOl  contain  (MCF-7  or  MDA-MB-468  transfectants) 
as  opposed  to  parental  or  vector  alone-containing  MDA-MB-468  cells.  The  appearance  of  all  the 
cleavage  fragments  described  above  in  NQOl-containing  cells  was  prevented  by  co-administration  of 
dicoumarol,  the  NQOl  inhibitor.  Furthermore  using  confocal  microscopy,  we  noted  the  dramatic 
movement  of  cytosolic  calpain  into  the  nuclei  of  6-lap-treated  NQOl -expressing,  but  not  NQOl- 
deficient,  cells  (Fig.  22).  This  movement  of  calpain  into  the  nuclei  of  6-lap-treated  NQOl -expressing 
cells  (Fig.  22)  was  prevented  by  dicoumoral  co-administration,  it  coincided  with  the  appearance  at  4-8 
hours  posttreatment  of  atypical  PARP  cleavage,  p53  cleavage  and  the  appearance  of  the  18  kDa  small 
subunit  (active)  form  of  calpain  (Fig.  21),  and  was  not  a  result  of  massive  breakdown  of  the  nuclear 
membrane  since  NQOl  (which  is  entirely  cytosolic)  remained  cytosolic  and  the  Ku70/Ku80 
heterodimer  (which  is  nuclear,  not  cleaved  during  apoptosis  and  was  detected  by  Ab  #162)  remained 
nuclear.  Furthermore,  the  movement  of  calpain  from  the  cytoplasm  to  the  nucleus  was  blocked  by  co¬ 
administration  of  dicoumarol  (not  shown). 

B-Lap  exposure  to  NOOl-containing  cells  causes  dramatic  ATP  depletion,  which  is  not  prevented  bv  EDTA  or 
EGTA.  The  loss  of  NAD(P)H  in  enzyme  assays  using  NQOl-containing  SlOO  cellular  extracts  or  in  purified  NQOl 
reactions,  suggested  that  dramatic  and  rapid  energy  loss  was  occurring  in  NQOl-containing  human  breast  cancer  cells.  We 
suspected  that  NQOl -mediated  B-lap  futile  cycling  would  lead  to  a  dramatic  loss  of  ATP  within  cells.  Furthermore,  we 
anticipated  that  such  loss  would  be  prevented  by  dicoumarol,  but  possibly  not  by  EGTA  or  EDTA,  since  these  would 
prevent  calpain  and  apoptosis  induction  downstream  but  not  affect  the  NQOl  enzyme.  Using  a  luciferase  assay,  we 
demonstrated  that  NQOl-containing  human  breast  cancer  cells  exhibited  a  dramatic  loss  in  ATP  within  30  mins 
posttreatment  (Fig.  23).  We  estimate  that  less  than  1%  of  the  total  ATP  in  control  cells  remain  within  30  mins  after  a  4 
hour  pulse  of  4-8  pM  B-lap.  Administration  of  EDTA  or  EGTA  had  little  affect  of  ATP  loss  mediated  by  B-lap  in  MCF-7 
cells.  Interestingly,  neither  ionomycin  or  staurosporin  (STS)  caused  ATP  loss.  These  data  are  consistent  with  an  NQOl- 
dependent  futile  cycling  of  B-lap  in  that  treated  cells  run  out  of  energy.  We  are  interested  in  the  relationship  between  this 
futile  cycling  of  the  drug  and  release  of  calcium. 
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KEY  RESEARCH  ACCOMPLISHMENTS:  Bulleted  list  of  key  research  accomplishments  emanating  from  this  research. 


We  have  accomplished  the  following  objectives  in  the  first  year  of  this  grant.  We  have 

determined  that: 

-  NQOl  is  the  key  determinant  in  B-lap-mediated  lethality. 

-  NQOl  is  elevated  in  many  human  breast  cancer  cells  and  should  be  a  useful  target  for  13-lap  and  its 
derivatives  (Planchon  et.  al.,  Oncology  Reports,  1999). 

-  13-Lap  stimulated  apoptosis,  as  measured  by  TUNEL  positive,  GO/Gl  cells,  specific  cleavage  of 
key  apoptotic  substrates,  i.e.,  PARP,  pRb,  p53,  lamin  B  and  calpain. 

-  13-Lap  causes  calcium  release. 

-  13-Lap  causes  calpain  movement  from  the  cytosol  to  the  nucleus. 

-  Atypical  PARP  cleavage  is  consistent  with  13-lap-activated  calpain-mediated  apoptosis 

-  Dicoumarol  and  calcium  chelators  can  protect  cells  from  13-lap-mediated  apoptosis 

-  13-Lap  undergoes  futile  cycling  which  leads  to  calcium  release  and  loss  of  energy.  This 
combination  is  thought  to  prevent  ATP-dependent  caspase  activation  and  supply  the  calcium 
needed  to  convert  the  inactive  calpain  zymogen  to  the  18  kDa  active  subunit. 

-  The  necessary  reagents,  his-  and  flag-tagged  PARP  have  been  made  and  transfected  into  NQOl- 
containing  cells  for  the  isolation  of  13-lap-activated  apoptotic  protease. 

-  Isolation  of  the  protease  is  plarmed  by  three  methods:  -(1)  isolation  via  PARP  cleavage  site;  (2) 
isolation  by  standard  biochemical  methods  in  which  PARP  and  p53  cleavage  assays  will  be  used, 
and  (3)  isolation  of  calpain  using  previously  identified  techniques-  in  13-lap  treated  compared  to  B- 
lap  +  dicoumarol-treated  NQOl -expressing  vs.  NQOl -deficient  human  breast  cancer  cells. 
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REPORTABLE  OUTCOMES:  Provide  a  list  of  reportable  outcomes  to  include: 


-  manuscripts,  abstracts,  presentations. 

Manuscripts: 

-Wuerzberger,  S.M.,  Planchon,  S.M.,  Pink,  J.J.,  Bornmann,  W.  and  Boothman,  D.A.  B-Lapachone-induced  apoptosis  in 
MCF-7  human  breast  cancer  cells.  1998;  Cancer  Res.  58:  1876-1885. 

-Planchon,  S.,  Wuerzberger,  S.,  Pink,  J.J.,  Robertson,  K.,  Bornmann,  W.  and  Boothman,  D.A.  bcl-2  protects  against 
caspase  3-mediated  apoptosis  induced  by  B-lapachone.  1999;  Oncology  Reports  6;  485-492. 

-HL60  cells  are  NQO I -deficient  and  we  suspect  these  cells  are  sensitive  to  free  radical-mediated fi-lap  responses. 

-Separovic,  D.,  Pink,  J.J.,  Oleinick,  N.L.,  Kester,  M.,  Boothman,  D.A.,  McLoughlin,  M.,  Pena,  L.A., 
and  Haimovitz-Friedman,  A.  Nieman-Pick  human  lymphoblasts  are  resistant  to  phthalocyanine  4- 
photodynamic  therapy-induced  apoptosis.  1999;  Biomed  Biophys.  Res.  Commun.,  258:  506-512. 

-Pink,  J.J.,  Wuerzberger-Davis,  S.M.,  Tagliarino,  C.,  Planchon,  S.M.,  Yang,  X.,  Froelich,  C.J.,  and 
Boothman,  D.A.  A  novel  noncaspase-mediated  proteolytic  pathway  activated  in  breast  cancer 
cells  during  13-lapachone-mediated  apoptosis.  1999;  Exp.  Cell  Res.,  In  Revision. 

-Pink,  J.J.,  Planchon,  S.M.,  Tagliarino,  C.,  Varnes,  M.E.,  Siegel,  D.  and  Boothman,  D.A. 
NAD(P)H:quinone  oxidoreductase  (NQOl)  activity  is  the  principal  determinant  of  B-lapachone 
cytotoxicity.  1999;  J.  Biol.  Chem.,  submitted. 

-Mendonca,  M.S.,  Howard,  K.L.,  Farrington,  D.L.,  Desmond,  L.A.,  Temples,  T.M.,  Mayhugh,  B.M., 
Pink,  J.J.  and  Boothman,  D.A.  DelaySed  apoptotic  responses  associated  with  radiation-induced 
neoplastic  transformation  of  human  hybrid  cells.  1999;  Cancer  Res.  59:  3972-3979. 

Abstracts: 

EXPLOITATION  OF  AN  IR- INDUCIBLE  PROTEIN  (XIP3)  IN  HUMAN  CANCER  CELLS  USING  fi- 
LAPACHONE .  C.  Tagliarino,  J.J.  Pink,  S.M.  Wuerzberger-Davis,  S.M.  Planchon, 
and  D.A.  Boothman.  11*^''  Int  Congress  of  Rad  Res.,  Ireland,  July  14-17,  1999. 
Paid  for  by  grants  from  the  Radiation  Research  Society  to  C.T.  and  D.A.B. 

Presentations: 

Invited  Speaker,  “Exploiting  X-ray-inducible  responses  for  improved  therapy”  Northern  Illinois  University,  Dr.  John 
Mitchell,  host;  Student’s  Choice  Lecturer.  Feb.  4-6,  1999. 

Invited  Speaker,  “Exploiting  radiation-inducible  proteins  for  targeted  apoptosis”  Northern  Illinois  University,  Host:  Dr. 
James  B.  Mitchel,  Feb.  5,  1999. 

Invited  Speaker,  Exploiting  IR-inducible  Proteins  For  Therapy  Against  Breast  Cancer,  Midwest  DNA  Repair 
Conference,  Ann  Arbor,  Michigan,  June  13,  1999. 

Invited  Speaker,  “Exploiting  X-ray-inducible  proteins  for  apoptotic  chemotherapy”  Essen,  Germany  (C.  Streffer,  host) 
July  14-17,  1999. 

Invited  Speaker,  “A  novel  noncaspase-mediated  apoptotic  pathway  induced  by  B-lapachone:  involvement  of  NQOl”, 
Department  of  Radiation  Oncology,  University  of  Maryland,  (W.F.  Morgan,  host)  October  23,  1999. 

Invited  Speaker,  Identification  of  a  novel  apoptotic  pathway  induced  by  B-lapachone.  Cleveland 
Clinic  Lemer  Research  Institute.  (A.  Almasan,  host)  November,  1999. 
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Patents  and  licenses  applied  for  and/or  issued. 
Degrees  obtained  that  are  supported  by  this  award. 


None 


Planchon,  Sarah,  M.  Ph.D.,  Univ.  Wisc.-Madison,  Dept.  Human  Oncology,  Dec. 

1999. 

Development  of  Cell  Lines,  Tissue  or  Serum  Repositories: 

-MDA-MB-468  NQl-6,  human  NQOl -deficient  cells  stably  transfected  with  CMV-directed 
NQOl. 

-vector-alone  MDAO-MB-468  cells. 

-Stably  transfected  MCF-7:WS8  cells  expressing  caspase  3. 

Informatics  such  as  databases  and  animal  models,  etc.  None 

Funding  applied  for  based  on  work  supported  by 

this  award.  In  Prep. 

Employment  or  research  opportunities  applied  for  and/or 
received  on  experiences/training  supported 

by  this  award.  None 
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CONCLUSIONS:  Summarize  the  results  to  include  the  importance  and/or  implications  of  the  completed  research  and  when  necessary, 
recommend  changes  on  future  work  to  better  address  the  problem,  A  “so  what  section”  which  evaluates  the  knowledge  as  a  scientific  or  medical  product 
shall  also  be  included  in  the  conclusion  of  the  annual  and  final  reports. 


The  goal  of  this  grant  is  to  clone  the  unknown  protease  activated  by  the  active  anti -breast 
cancer  agent,  6-lapachone  (B-lap).  The  research  team  showed  for  the  first  time  that  6-lap  requires 
NQOl,  a  two-electron  reduction  enzyme  elevated  in  many  human  breast  cancers,  for  activation.  The 
team  then  characterized  the  unknown  apoptotic  protease  activated  in  human  breast  cancer  cells  by  6- 
lap,  defining  endpoints  that  will  be  essential  for  the  ultimate  isolation  of  this  novel  apoptotic  protease. 
The  unknown  protease:  (a)  is  a  non-caspase  cytsteine  protease;  (b)  cleaves  p53,  lamin  B,  and  PARP 
(atypically)  in  an  NQOl -dependent  manner  at  a  time  co-incident  with  calpain  activation  (appearance  of 
an  18  kDa  active  form  and  its  movement  into  the  nucleus  by  confocal  microscopy);  and  (c)  is  calcium- 
dependent  (e.g.,  the  proteolytic  cleavage  of  PARP  or  p53  was  blocked  by  co-administration  of  EGTA 
or  EDTA),  and  the  drug  causes  massive  NQOl -dependent  calcium  influx  within  3  mins  posttreatment 
with  5-8pM  6-lap;.  Furthermore,  significant  progress  has  been  made  in  developing  reagents  that  will 
be  required  for  the  cloning  of  this  novel  noncaspase  cysteine  protease.  The  new  hypothesis  being 
tested  is  that  6-lap  activates  calpain,  which  then  triggers  DNA  fragmentation  and  apoptosis. 

We  hypothesize  that  NQOl  could  be  exploited  for  breast  cancer  because  (1)  the  enzyme  is 
elevated  in  many  human  breast  cancers  and  tumors  can  be  rapidly  assayed  for  overall  levels  prior  to 
treatment;  (2)  the  enzyme  is  induced  by  cytotoxic  agents,  such  as  ionizing  radiation  (e.g.,  it  was 
isolated  by  our  laboratory  in  1993  as  XIP3),  and  this  attribute  of  the  enzyme  should  be  exploitable  for 
improved  radiotherapeutic  strategies  using  6-lapachone;  and  (3)  the  data  implicates  6-lapachone  for 
chemopreventive  therapy  against  cancer,  such  as  breast  cancers,  since  NQOl  is  an  early  known  marker 
of  neoplastic  transformation  of  normal  epithelial  and  other  cell  types. 
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Figure  Legends 

Figure  1.  Proteolysis  of  proteins  in  ll-lapachone  (B-lap)-treated  MCF-7  cells.  Log-phase 
MCF-7  cells  were  exposed  to  5  pM  6-lap  for  4  h  as  previously  described  by  our  laboratory 
(4,8,52,).  Cells  were  then  allowed  to  grow  in  the  absence  of  drug  and  at  various  times  whole 
cell  extracts  were  prepared  and  analyzed  for  steady  state  levels  of  proteins  by  Western 
immunoblot  assays.  Cleavage  of  pRb,  lamin  B  and  other  proteins  were  then  monitored. 

Figure  2.  Lack  of  inhibition  of  B-lap-mediated  apoptosis  by  various  inhibitors.  Cells 
were  treated  with  or  without  6-lap  and  co-admini stored  inhibitors  at  the  indicated  drug 
concentrations  as  described  in  Figure  1. 

Figure  3.  Effect  of  various  inhibitors  on  the  appearance  of  atypical  PARP  cleavage 
caused  by  6-lap  treatment.  Cells  were  treated  and  analyzed  as  described  in  Figure  1. 

Figure  4.  EDTA  or  EGTA  inhibits  atypical  PARP  cleavage  during  6-lap-mediated 
apoptosis  in  MCF-7  cells.  Cells  were  treated  as  described  in  Figure  2. 

Figure  5.  EDTA  or  EGTA  inhibits  atypical  PARP  cleavage  during  6-lap-mediated 
apoptosis  in  MCF-7  cells.  Cells  were  treated  as  decribed  in  Figure  4.  EDTA  and  EGTA 
controls  were  included. 

Figure  6.  EDTA  or  EGTA  inhibits  NQOl-dependent  atypical  PARP  cleavage  during  6- 
lap-mediated  apoptosis. 

Figure  7.  EDTA  prevents  p53  cleavage  during  6-lap-mediated  apoptosis  in  MCF-7  cells. 

Figure  8.  EDTA  or  EGTA  prevents  lamin  B  cleavage  in  MCF-7  cells  during  6-lap- 
mediated  apoptosis. 

Figure  9.  Thapsigargin  (TG)  does  not  cause  atypical  PARP  cleavage  or  cleavage  of  p53 
in  MCF-7  cells  as  does  6-lap. 

Figure  10.  BAPTA  partially  prevents  B-lap-mediated  atypical  PARP  cleavage  and  p53 
celavage  in  MCF-7  cells,  but  not  in  NQOl-deficient  MDA-MB-468  cells. 

Figure  11.  Administration  of  calcium  can  not  restore  atypical  PARP  cleavage  and  p53 
cleavage  during  6-lap-mediated  apoptosis  in  NQOl-expressing  cells.  Exposure  to  high 


dose  calcium  appeared  to  cause  atypical  PARP  cleavage  and  p53  cleavage  in  a  process  that 
appears  independent  of  NQOl. 

Figure  12.  EDTA  or  EGTA  can  partially  prevent  apoptosis  in  B-lap-treated  MCF-7 
cells.  Cells  were  treated  with  5  pM  6-lap  with  or  without  EDTA  or  EGTA.  Apoptosis  was 
monitored  by  TUNEL  assays. 

Figure  13.  NQOl-dependent  apoptosis  mediated  by  B-lap  treatment.  Cells  were  treated 
as  described  in  Figure  12. 

Figure  14.  Effect  of  calcium  chelators  on  B-lap-mediated  apoptosis  in  MCF-7  or  NQOl- 
expressing  MDA-MB-468  transfectants. 

Figure  15.  Calpain  treatment  of  in  vitro  transcribed  and  translated  full-length  PARP 
(113  kDa)  results  in  an  identical  atypical  PARP  cleavage  fragment  as  observed  in  B-lap- 
treated  MCF-7  cells. 

Figure  16.  Effect  of  known  calpain  inhibitors  on  enzyme-mediated  atypical  PARP 
cleavage  using  in  vitro  transcribed/translated  full  length  PARP. 

Figure  17.  Establishment  of  stably  transfected  MCF-7  cells  with  his-tagged  PARP. 

Treatment  of  his-tagged  PARP-expressing  MCF-7  transfectants  with  6-lap  resulted  in 
atypical  PARP  cleavage  as  observed  with  the  endogenous  protein. 

Figure  18.  Changes  in  intracellular  calcium  in  B-lap-treated  MCF-7:WS8  cells.  Calcium 
changes  were  monitored  by  FURA-2  binding  as  described  in  the  text. 

Figure  19.  NQOl-dependent,  B-lap-induced  changes  in  intracellular  calcium  in  MCF-7 
or  NQOl-expressing  MDA-MB-468  transfectants  following  exposure  to  5  pM  B-lap. 

Appropriate  controls  for  extracellular  (ATP  treatment)  and  intracellular  (thapsigargin,  TG) 
calcium  changes  were  included. 

Figure  20.  NQOl-dependent  calcium  changes. 

Figure  21.  Apparent  activation  of  calpain  concomitant  with  atypical  PARP 
fragmentation  and  p53  cleavage. 

Figure  22.  Movement  of  calpain  into  the  nuclei  of  B-lap-treated,  NQOl-expressing 
human  breast  cancer  cells. 
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Figure  3 


PARP  Cleavage  analysis  of  Inhibitors  with 
Varying  Blap  Cone,  at  24  hr 
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Figure  4 


PARP  Substrate  Proteolysis 
is  Calcium  Dependent 
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Figure  5 


PARP  cleavage  with  5uM  Blap  in  the 
presence  of  EDTA  or  EGTA 
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Figure  6 


PARP  Cleavage  With  8  uM  Blap 
in  the  presence  of  EDTA  or  EQTi 
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Figure  7 
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Figure  8 
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Figure  9 

Thapsigargin  Timecourse  and 
Dose  Response  in  MCF  7  Cells 
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Figure  10 


Can  BAPTA  Block  Blap  Induced 
PARP  and  p53  Cleavage 
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Figure  11 
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Figure  16 


Figure  17 


MCF-7:WS8  Cells  Transfected  with 
HIS-PARP  (Clones) 
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Figure  18 
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Figure  19 

Calcium  Release  After  P-Lapachone  Treatment 
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ABSTRACT 

/3-Lapachone  (/3-lap)  affects  a  number  of  enzymes  in  vitro,  including 
type  I  topoisomerase  (Topo  I);  however,  its  exact  intracellular  target(s) 
and  mechanism  of  cell  killing  remain  unknown.  We  compared  the  cyto¬ 
toxic  responses  of  MCF-7:WS8  (MCF-7)  human  breast  cancer  cells  after 
4-h  pulses  of  /3-lap  or  camptothecin  (CPT),  a  known  Topo  I  poison.  A 
direct  correlation  between  loss  of  survival  and  apoptosis  was  seen  after 
/3-lap  treatment  (LDjo  =  2.5  /iM).  A  concentration-dependent,  transient 
sub-2  N  prcapoptotic  cell  population  was  observed  at  4-8  h.  Estrogen 
deprivation-induced  synchronization  and  bromodeoxyuridine-labeling 
studies  revealed  an  apoptotic  exit  point  near  the  G,-S  border.  Apoptosis 
activated  by  /3-lap  was  closely  correlated  with  cleavage  of  lamin  B  but  not 
with  increases  in  p53/p21  or  decreases  in  bcl-2.  Loss  of  hyperphosphory- 
lated  forms  of  the  retinoblastoma  protein  was  observed  within  5  h,  but 
cyclins  A,  Bl,  and  E  levels  were  unaltered  for  up  to  72  h  after  5  /uM  ^-lap. 
Topo  I  and  Topo  Ila  levels  decreased  at  >24  h.  Logarithmic-phase 
MCF-7  ceils  were  not  affected  by  fiM  /3-lap. 

In  contrast,  dramatic  and  irreversible  G2-M  arrest  with  no  apoptosis 
was  observed  in  MCF-7  cells  treated  with  1  fiM  CPT,  monitored  for  6-10 
days  posttreatment.  MCF-7  cells  treated  with  supralethal  doses  of  CPT  (5 
/J.M)  resulted  in  only  ~20%  apoptosis.  No  correlation  between  apoptosis 
and  loss  of  survival  was  observed.  MCF-7  cells  exposed  to  >5  fcM  CPT 
arrested  at  key  cell  cycle  checkpoints  (i.e.,  Gi,  S,  and  Gj-M),  with  little  or 
no  movement  for  6  days.  Ten-fold  increases  in  p53/p21  and  2-5-fold 
decreases  in  bcl-2,  Topo  I,  Topo  Ila,  and  cyclins  A  and  Bl,  with  no  change 
in  cyclin  E,  were  observed.  Temporal  decreases  in  bcl-2  and  cleavage  of 
lamin  B  corresponded  to  the  minimal  apoptotic  response  observed. 

/3-Lap  activated  apoptosis  without  inducing  p53/p21  or  celi  cycle  arrest 
responses  and  killed  MCF-7  cells  solely  by  apoptosis.  In  contrast,  concen¬ 
tration-dependent  increases  in  nuclear  p53/p21  and  various  celi  cycle 
checkpoint  arrests  were  seen  in  MCF-7  cells  after  CPT.  Despite  dramatic 
p53/p21  protein  induction  responses,  CPT-treated  MCF-7  cells  showed 
low  levels  of  apoptosis,  possibly  due  to  protective  cell  cycle  checkpoints  or 
the  tack  of  specific  CPT-activated  apoptotic  pathways  in  MCF-7  cells. 


INTRODUCTION 

j8-Lap^  (3,4-dihydro-2,2-dimethyl-2H-naphtho[l,2-b]  pyran-5,6- 
dione)  is  a  naturally  occurring  compound  that  is  present  in  the  hark  of 
the  Lapacho  tree  (Tahebuia  avellanedae),  which  is  native  to  South 
America.  The  compound  has  a  number  of  concentration-dependent 
effects  in  vivo,  including  antitumor,  antiviral,  and  antitrypanosomal 
activities  (1-3).  /3-Lap  has  significant  antineoplastic  activity  against  a 
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variety  of  human  cancer  cells,  including  prostate  cancer  and  promy- 
elocytic  leukemia  cells  (4,  5),  and  has  reported  activity  against  the 
S-180  mouse  tumor  line  (6). 

/3-Lap  was  the  first  reported  catalytic  inhibitor  in  vitro  of  human 
DNA  Topo  I  (4,  7,  8),  although  its  exact  intracellular  target(s)  in  vivo 
and  mechanism  of  cytotoxicity  remain  unknown.  /3-Lap  was  identified 
by  our  laboratory  as  a  radiosensitizer  and  chemosensitizer  of  conflu¬ 
ence-arrested  as  well  as  log-phase  human  or  rodent  cancer  cells  (7,  9, 
10).  We  demonstrated  synergistic  cytotoxicity  in  X-irradiated  rodent 
cells,  with  concomitantly  suppressed  neoplastic  transformation,  pre¬ 
sumably  involving  DNA  repair  inhibition  (9).  Using  enzyme  assays  in 
vitro,  /3-lap  inhibited  Topo  I  by  a  distinctly  different  mechanism  from 
other  Topo  I  poisons,  such  as  CPT  and  its  derivatives  (4,  8,  1 1). 
Additionally,  enzyme  assays  demonstrated  in  vitro  that  j8-lap  could 
poison  the  DNA-unwinding  enzyme,  Topo  Ila,  resulting  in  DNA 
breakage  (i.e.,  DNA  DSBs)  through  DNA-Topo  Ila  complex  forma¬ 
tion,  similar  to  other  poisons  (12).  Furthermore,  /3-lap  suppressed  the 
growth  of  yeast,  which  lacked  Topo  I  expression,  raising  doubts  about 
the  exact  mechanism  of  action  of  this  compound  and  suggesting  that, 
in  addition  to  Topo  I  inhibition,  it  may  have  other  intracellular  targets. 
However,  yeast  do  not  express  apoptotic  caspases  (13)  and  may  not 
undergo  apoptosis,  limiting  their  use  as  a  cytotoxicity  model  system. 
Prior  data  in  vivo  indicated  that  exposure  of  human  or  hamster  cells  to 
/3-lap  did  not  cause  covalent  Topo  I-DNA  or  other  protein-DNA 
complexes,  as  measured  by  SDS-K”^  precipitation  assays  (8,  1 1).  In 
addition,  expo, sure  of  various  human  or  hamster  cells  to  /3-lap  did  not 
result  in  single-strand  breaks  or  DSBs,  as  measured  by  alkaline  or 
neutral  filter  elutions,  respectively  (9).  Because  the  compound  acts  on 
growth-arrested  as  well  as  log-phase  cells  (10),  its  intracellular  target 
is  probably  not  cell  cycle  regulated,  arguing  against  Topo  Ila  as  a 
target  in  vivo  (12).  These  contradictory  in  vitro  and  in  vivo  data 
underscore  the  need  to  determine  the  exact  intracellular  target  and 
mechanism  of  cell  killing  for  /3-lap.  To  date,  few  studies  have  directly 
examined  the  cytotoxic  responses  of  human  cancer  cells  after  j8-lap 
without  prior  treatment  with  ionizing  radiation.  A  better  understand¬ 
ing  of  the  mechanism  of  action  of  /3-lap  is  warranted  due  to  its 
anticarcinogenic  activity  and  its  ability  to  radiosensitize  cells.  Because 
it  is  possible  that  the  cytotoxic  (antitumor,  antiviral,  and  antitrypano¬ 
somal)  and  anticarcinogenic  properties  of  /3-lap  are  a  direct  result  of 
apoptosis  (4,  5),  defining  the  apoptotic  mechanisms  induced  by  this 
drug  may  allow  us  to  manipulate  cell  death  pathways  for  improved 
chemotherapy  or  radiotherapy  against  breast  cancer,  while  protecting 
normal  cells. 

Topo  poisons  have  not  been  adequately  explored  as  antitumor 
agents  for  the  treatment  of  breast  cancer  for  multiple  reasons,  includ¬ 
ing  (but  not  limited  to)  a  lack  of  understanding  of  the  molecular 
biology  and  cell  cycle  regulation  underlying  CPT-induced  stress  re¬ 
sponses.  Topo  I  carries  out  a  single-strand  DNA  breakage,  passage, 
and  rejoining  reaction  that  unwinds  DNA.  The  enzyme  is  involved  in 
transcription,  replication,  and  recombination  (14,  15)  and  is  constitu- 
tively  expressed  during  the  cell  cycle  (16).  The  enzyme  is  elevated  in 
many  human  cancers,  such  as  prostate  and  colon  (17),  and  is  an 
important  chemotherapeutic  target  for  the  specific  elimination  of 
tumor  cells,  irrespective  of  cell  cycle  status.  Topo  I  poisons,  such  as 
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CPT,  cause  damage  to  cells  by  creating  Topo  I-mediated  DNA  le¬ 
sions.  Once  damaged,  CPT-treated,  wild  type-expressing  human  can¬ 
cer  cells  exhibit  alterations  in  cell  cycle  distribution  and  induction  of 
both  p53  and  p21  protein  levels  and  can  activate  apoptosis  (18,  19). 
Although  there  are  few  assessments  of  Topo  I  levels  in  human  breast 
cancer  compared  to  normal  tissue,  there  are  reports  of  efficacious  anti¬ 
tumor  activity  of  Topo  I  poisons  against  human  breast  cancers  (20-22). 

/3-Lap-activated  apoptosis  in  human  myeloid  leukemia  (HL-60)  and 
prostate  cancer  cells  was  independent  of  p53  status  (4,  5).  Because 
agents  that  induce  apoptosis  irrespective  of  p53  status  may  have 
potentially  great  therapeutic  value,  we  investigated  the  apoptotic 
responses  of  MCF-7  human  breast  cancer  cells  after  transient  (4  h) 
/3-lap  or  CPT  treatments.  /3-Lap  killed  quiescent  or  log-phase  MCF-7 
cells  primarily  through  apoptosis,  causing  the  rapid  loss  of  hyperphos- 
phorylated  forms  of  pRb  (within  3-5  h),  with  no  apparent  p53/p21 
induction  responses.  In  contrast,  CPT-treated  MCF-7  cells  showed 
dramatic  p53/p21  responses  and  concentration-dependent  cell  cycle 
checkpoint  arrests  but  induced  low  levels  of  apoptosis,  with  little 
change  in  the  phosphorylation  status  of  pRb  within  24  h  posttreat¬ 
ment,  even  at  supralethal  doses. 

MATERIALS  AND  METHODS 

Chemicals  and  Antibodies.  p-Lap  (M,  242)  and  various  naphthoquinone 
derivatives  were  either  made  by  us  or  supplied  by  Drs.  Donald  T.  Witiak 
(University  of  Wisconsin-Madison)  or  A.  V.  Pinto  (Universidade  Federal  de 
Rio  de  Janeiro,  Rio  De  Janeiro,  Brazil).  CPT  (M,  348.4)  was  obtained  from 
Sigma  Chemical  Co.  (St.  Louis,  MO).  All  chemicals  were  dissolved  as  10  mM 
stock  solutions  in  DMSO,  and  aliquots  were  stored  at  -20°C.  Stock  solution 
concentrations  were  confirmed  by  spectrophotometric  analyses  using  an  ex¬ 
tinction  coefficient  (c)  of  25,790  for  /3-lap.  ^-Lap  and  CPT  treatments  were 
always  performed  in  a  final  DMSO  concentration  of  0.1%,  the  amount  of 
DMSO  equal  to  the  highest  percentage  of  solvent  used  in  experimental  con¬ 
ditions.  DMSO  at  0.1%  did  not  affect  log-phase  MCF-7  cells  in  terms  of 
doubling  time,  cell  growth  kinetics,  or  apoptosis  (as  monitored  by  flow 
cytometry  and  Hoescht  dye  staining). 

Goat  serum  and  goat  FITC-conjugated  antibodies  were  purchased  from 
Sigma  Chemical  Co.  (St.  Louis,  MO).  Antimouse  monoclonal  anti-BrdUrd 
antibodies  were  obtained  from  Becton  Dickinson  (San  Jose,  CA)  and  used 
according  to  the  manufacturer’s  instructions.  Antimouse  and  antirabbit  p53, 
bcl-2,  and  cyclins  Bl,  E,  and  A  antibodies  were  obtained  from  Santa  Cruz 
Biotechnology,  Inc.  (Santa  Cruz,  CA).  Antimouse  p21  and  a-tubulin  antibod¬ 
ies  were  obtained  from  Oncogene  Research  Products  (Cambridge,  MA).  An¬ 
tibodies  from  scleroderma  patient  serum,  which  detect  human  Topo  I  protein, 
were  purchased  from  TopoGEN,  Inc.  (Columbus,  OH).  Antihuman  Topo  Ila 
antibodies  were  obtained  from  Genosys,  Inc.  (The  Woodlands,  TX). 

Cell  Lines  and  Culture  Conditions.  The  human  breast  cancer  cell  line 
MCF-7  was  obtained  from  Dr.  V.  Craig  Jordan  (Northwestern  University, 
Chicago,  IL).  All  cells  were  grown  in  DMEM  with  10%  fetal  bovine  serum  in 
a  humidified  10%  CO2-90%  air  atmosphere  at  37°C.  MCF-7  cells  were  seeded 
at  low  density  (1.0  X  lO’'  cells/ml),  allowed  to  attach  and  initiate  log-phase 
growth  for  24  h,  and  were  then  exposed  to  /3-Iap  or  CPT  at  concentrations  of 
0.25,  1.0,  5.0,  and  10  fxM  for  4  h.  Additional  drug  concentrations  were 
examined  as  required.  Drugs  were  removed  after  4  h,  fresh  DMEM  (without 
drug)  was  added,  and  samples  were  collected  at  various  times  for  nuclear  and 
whole-cell  protein,  cell  cycle  redistribution  (via  flow  cytometry),  growth 
inhibition  (using  changes  in  DNA  content/well),  and  colony-forming  ability 
(survival)  assays  as  described  below.  Control  groups  were  treated  with  DMSO 
(0.1%)  equal  to  the  highest  percentage  of  solvent  used  in  experimental  con¬ 
ditions.  Time  zero  (r  =  0)  was  considered  the  point  at  which  various  4-h  drug 
treatments  were  removed,  and  fresh  medium  was  added.  All  experiments  were 
repeated  at  least  three  times,  each  in  duplicate.  Graphed  data  for  various 
parameters  represent  mean  ±  SE,  and  data  sets  were  compared  using  the 
Student’s  t  test. 

Hoechst  Staining  for  Apoptosis.  Four  h  drug  treatments  were  performed 
as  described  above.  After  24  h,  plates  were  washed  twice  with  PBS  [150  mM 
NaCl  and  50  mM  KH2PO4  (pH  7.4)]  and  fixed  with  methanohglacial  acetic 


acid  (3:1,  v/v).  The  fixative  was  aspirated,  and  plates  were  stained  with  10 
jug/ml  Hoechst  dye  33258  (Sigma)  diluted  in  PBS.  Plates  were  then  washed 
four  times  with  PBS  to  remove  nonspecific  staining.  n-Propyl  gallate  (1-2 
drops)  was  added,  and  pictures  were  taken  under  UV  light  using  a  4',6- 
diamidino-2-phenylindole  filter  or  by  phase-contrast  using  a  Leitz  Laborlux  B 
microscope  under  the  indicated  magnification. 

Colony-forming  Assays.  LD50  survival  determinations  were  calculated  by 
clonogenic  assays  (10).  Briefly,  cells  were  seeded  at  various  densities  on 
35-cm^  tissue  culture  dishes  and  allowed  24  h  to  initiate  log-phase  growth. 
Drags  were  added  for  4  h  at  various  concentrations,  ranging  from  0.001  to  15 
p.M.  Colonies  from  control  and  treated  conditions  were  allowed  to  grow  for  6 
days,  the  time  required  for  a  control  colony  to  reach  ~50  normally  appearing 
cells.  Individual  plates  were  counted,  data  were  graphed  as  mean  ±  SE,  and 
statistical  analyses  of  all  data  sets  were  performed  using  the  Student’s  t  test. 
Drag  concentrations  required  to  inhibit  growth  50%  (i.e.,  IC50S)  were  also 
calculated  by  graphing  various  drug  concentrations  versus  percentage  DNA 
content/well,  as  previously  described  (4).  Each  experiment  was  performed 
twice,  each  in  duplicate. 

Flow  Cytometry.  Cells  were  treated  with  or  without  various  concentra¬ 
tions  of  /3-lap  or  CPT  as  described  above.  At  various  intervals  following  4-h 
drag  exposures,  cells  were  washed  twice  with  ice-cold  PBS,  trypsinized,  and 
washed  with  a  Tris  saline  solution  [10  mM  Tris  (pH  7.0)  and  50  mM  NaCl]. 
Cells  were  then  fixed  in  90%  ethanol-Tris  saline  and  stored  at  4°C  for  up  to  7 
days.  Cells  were  then  washed  once  with  phosphate-citric  acid  buffer  [0.2  m 
Na2HP04  and  0.1  M  citric  acid  (pH  7.8)]  and  stained  with  a  solution  containing 
0.2%  Nonidet  P-40,  RNase  A  (7000  units/ml),  and  33  p,g/ml  PI  for  10  min.  In 
our  hands,  the  phosphate  citric  acid  wash  has  been  a  critical  step  for  the 
accurate  assessment  of  apoptotic  cells  (4).  Stained  nuclei  were  analyzed  for 
DNA-PI  fluorescence  using  a  Becton  Dickinson  FACScan  flow  cytometer  at  a 
laser  setting  of  36  mW  and  an  excitation  wavelength  of  488  nm.  Resulting 
DNA  distributions  were  analyzed  for  the  proportion  of  cells  in  apoptosis  and 
in  Gq/Gi,  S,  and  G2-M  phases  of  the  cell  cycle.  Data  were  analyzed  by  Modfit 
(Verity  Software  House,  Inc.,  Topsham,  ME),  and  all  experiments  were  re¬ 
peated  at  least  three  times,  each  in  duplicate.  Graphed  data  represent 
mean  ±  SE. 

Estrogen  Deprivation-induced  Synchronization  and  BrdUrd-Iabeling 
Studies.  MCF-7  cells  were  deprived  of  estrogen  for  1  week  to  arrest  cells  in 
early  G]  (23).  Cells  were  then  treated  with  5  tm  CPT  or  /3-lap  in  estrogen-free 
medium  for  4  h  and  subsequently  released  into  estrogen-containing  complete 
DMEM  to  initiate  synchronous  growth  with  or  without  prior  drug  treatment.  At 
various  posttreatment  times,  control  and  drug-treated  MCF-7  cells  were  incu¬ 
bated  with  medium  containing  10  fXM  BrdUrd  (Sigma)  for  30  min  to  label 
S-phase  cells.  Cells  were  then  trypsinized,  collected  (500  X  g),  washed  once 
with  ice-cold  PBS,  and  fixed  (60%  ethanol  and  0.3%  Tween  20).  Samples  were 
obtained  at  the  indicated  times  for  up  to  96  h  and  stored  in  the  dark  at  4°C.  Cell 
suspensions  were  incubated  with  0.04%  pepsin  in  0.01  N  HCl  for  30  min  at 
room  temperature.  Cells  were  collected  as  before  and  resuspended  in  2.0  N 
HCl.  Samples  were  then  washed  with  PBS-TB,  and  RNA  was  digested  with  10 
jug/ml  RNase  A  at  37°C  for  1  h.  Cells  were  washed  with  PBS-TB  and 
incubated  overnight  with  mouse  monoclonal  anti-BrdUrd  antibodies  (1:2.5 
dilution).  Samples  were  then  washed  with  PBS-TB  and  incubated  with  goat 
antimouse  IgG  FITC-conjugated  antibody  (1:50  dilution)  in  PBS,  0.5%  (v/v) 
Tween  20,  and  0.1%  goat  serum  for  20  min  at  room  temperature.  Cells  were 
collected  (500  X  g),  washed  twice  in  PBS-TB,  labeled  in  50  p,g/ml  PI,  and 
analyzed  using  flow  cytometry. 

Western  Immunoblot  Analyses.  Whole-cell  or  nuclear  extracts  from  con¬ 
trol  and  drag-treated  MCF-7  cells  were  isolated  at  various  times  for  altered 
expression  of  key  regulatory  proteins.  The  immediate  extraction  of  MCF-7 
cells  after  4  h  drug  incubation  was  marked  “t  =  0”  on  all  Western  immuno- 
blots.  Briefly,  cells  were  washed  twice  with  ice-cold  PBS,  scraped  from 
10-cm^  tissue  culture  dishes  (Coming,  Cambridge,  MA),  and  collected  by 
centrifugation  at  500  X  g.  For  nuclear  extracts,  cell  pellets  were  washed  once 
with  ice-cold  PBS,  resuspended  in  ice-cold  hypotonic  solution  [10  mM  Tris- 
HCl  (pH  7.5),  25  mM  KCI,  2  mM  Mg  acetate,  1  mM  DTT,  and  1  mM 
phenylmethylsulfonyl  fluoride]  and  allowed  to  incubate  on  ice  for  15  min. 
Samples  were  then  passed  through  a  25-gauge  needle  to  break  cell  membranes. 
Nuclei  were  then  pelleted  at  500  X  g  at  4°C  for  5  min,  resuspended  in 
hypertonic  solution  [10  mM  Tris-HCl  (pH  7.5),  400  mM  KCI,  2  mM  Mg  acetate, 
20%  glycerol,  1  mM  DTT,  and  1  mM  phenylmethylsulfonyl  fluoride]  and 
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incubated  on  ice  for  10  min.  Insoluble  nuclear  debris  was  removed  by  cen¬ 
trifugation  at  800  X  g  at  4°C  for  1 0  min,  and  supernatants  were  aliquotted  and 
stored  at  -80°C.  For  whole-cell  extracts,  cell  pellets  were  washed  twice  with 
ice-cold  PBS,  lysed  in  loading  buffer  [62.5  mM  Tris  (pH  6.8),  6  M  urea,  10% 
glycerol,  2%  SDS,  0.003%  bromphenol  blue,  and  5%  /3-mercaptoethanol],  and 
sonicated  on  ice  for  20  s.  Protein  concentrations  were  determined  using  a 
Bradford  assay  (Bio-Rad,  Hercules,  CA),  and  lO-^xg  protein  samples  were 
separated  by  9  or  6%  SDS-PAGE.  Separated  proteins  were  transferred  to 
Immobilon-P  membranes  (Millipore,  Bedford,  MA)  for  3  h  at  150  V  in  a 
Bio-Rad  Mini  Trans-Blot  Electrophoretic  Transfer  cell  (Richmond,  CA).  Blots 
were  blocked  with  PBS  containing  10%  calf  serum  and  0.2%  Tween  20, 
probed  with  various  primary  antibodies  as  indicated  (using  1:500  to  1:5000 
dilutions)  for  at  least  2  h,  and  washed  in  PBS-0.2%  Tween  20  for  1  h.  Blots 
were  incubated  with  various  secondary  antibodies  (using  1:500  to  1:1000 
dilutions),  and  specific  antibody-labeled  proteins  were  detected  using  the  ECL 
chemiluminescence  detection  system  (Amersham,  Buckinghamshire,  Eng¬ 
land).  Western  immunoblot  images  were  obtained  by  autoradiography  using 
Fuji  Medical  X-ray  film  (Tokyo,  Japan)  as  described  (24).  Induction  levels 
were  quantified  using  either  densitometry  or  gel  image  analyses  on  a  Bio-Rad 
Gel  Doc  1000  System. 

RESULTS 

/3-Lap  Elicited  Greater  Apoptotic  Responses  but  CPT  Was 
More  Cytotoxic.  Survival  after  a  4-h  pulse  of  various  concentrations 
of  j3-lap  or  CPT  was  assessed  as  described  in  “Materials  and  Meth¬ 
ods.”  LDjgS  were  2.5  p,M  and  55  nM  for  ^-lap  and  CPT,  respectively 
(Fig.  1).  MCF-7  cells  treated  with  5  /xm  /3-lap  showed  extensive 
apoptotic-like  nuclear  condensation  at  24  h  posttreatment,  whereas 
CPT-treated  cells  (up  to  10  /xm)  failed  to  show  significant  apoptosis 
(Fig.  2)  for  up  to  10  days  posttreatment  (Figs.  3  and  4).  A  direct 
correlation  between  apoptosis  (quantified  at  48  h  by  flow  cytometry) 
and  loss  of  survival  (measured  at  6  days  posttreatment;  Fig.  1)  after 
/3-lap  was  noted.  We  observed  extensive  nuclear  condensation  in 
MCF-7  cells  treated  with  /3-lap;  however,  classical  nuclear  blebbing 
and  DNA  laddering,  as  seen  with  human  prostate  cancer  cells  after 
/3-lap  (4,  5),  were  not  observed  (Fig.  2). 

No  correlation  between  loss  of  survival  and  apoptosis  (Fig.  IB)  was 
noted  in  MCF-7  cells  treated  with  CPT.  MCF-7  cells  treated  with  5 
jXM  CPT  resulted  in  ~20-25%  apoptosis  (Fig.  2),  as  quantified  by 
flow  cytometry  (see  Figs.  2  and  3).  Apoptosis  was  not  observed  in 
MCF-7  cells  treated  with  1  /xm  CPT  at  48  h  posttreatment  using  flow 
cytometry  or  Hoescht  dye  staining,  although  <  1  %  survival  was  ob¬ 
served  (Fig.  IB).  Thus,  although  CPT  was  dramatically  more  cyto¬ 
toxic  to  MCF-7  cells  than  /3-lap,  the  lethality  caused  by  CPT  did  not 
correlate  with  apoptosis  (compare  Fig.  1,  A  and  B);  the  amount  of 
apoptosis  seen  in  Fig.  1  correlated  with  that  noted  in  6-10-day  flow 
cytometric  assays  (Figs.  3  and  4). 

Kinetics  of  /3-Lap-induced  Apoptosis  in  MCF-7  Cells.  Un¬ 
treated  log-phase  MCF-7  cells  replicated  with  an  average  population 
of  28%  S,  18%  G2-M,  and  <1%  apoptosis  over  96  h  following  low 
cell  density  seeding,  as  described  in  “Materials  and  Methods”  (Fig. 
AA).  Gradual  increases  in  Gq/G,  from  53%  to  ~75%  were  observed 
within  96  h  following  initial  cell  plating  (Fig.  3A).  Log-phase  MCF-7 
cells  treated  with  <1  /xm  /3-lap  progressed  through  the  cell  cycle  with 
no  apoptosis  or  cell  cycle  delays  (Fig.  3A).  MCF-7  cells  treated  with 
/3-lap  for  4  h  (at  levels  >  LD50)  resulted  in  the  concentration- 
dependent  appearance  of  preapoptotic,  sub-Gg/G,  (<2  N)  cells,  which 
peaked  at  8-10  h  and  disappeared  by  24  h  after  drug  removal  (Fig. 
3B).  Preapoptotic  (<2  N)  cells  were  subsequently  replaced  by  apop¬ 
totic  cells  after  24  h  (Fig.  3B).  At  72  h,  >60%  of  the  population  was 
apoptotic.  Apoptosis  in  /3-lap-treated  MCF-7  cells  was  confirmed  by 
morphological  changes,  including  classical  nuclear  condensation  (Fig. 
2B).  Typical  G,  and/or  G2-M  cell  cycle  checkpoint  accumulation, 
observed  after  the  addition  of  DNA-damaging  agents  (e.g.,  1  /xm  CPT, 
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Fig.  I.  Survival  as  a  function  of  apoptosis  in  MCF-7  cells  treated  with  j3-lap  or  CPT. 
Log-phase  MCF-7  cells  were  treated  with  various  doses  of  jS-lap  (A)  or  CPT  (fi)  for  4  h, 
as  described  in  “Materials  and  Methods.”  Cells  were  assayed  for  survival  by  colony- 
forming  ability  and  induction  of  apoptosis  using  flow  cytometry  or  morphological  exam¬ 
inations  at  48  h,  as  described  in  “Materials  and  Methods.”  Apoptosis  assessed  at  48  h 
using  morphological  changes  and  flow  cytometric  quantitation  were  identical  to  meas¬ 
urements  taken  at  6  days  posttreatment  (Figs.  3  and  4),  the  same  time  survival  was 
assessed.  An  inverse  correlation  between  survival  (■)  and  apoptosis  (•)  was  noted  after 
^-lap  (A)  but  not  after  CPT  (B).  Data  points,  means  of  experiments  performed  at  least 
three  times,  each  in  duplicate  (many  points  were  smaller  than  the  symbol);  bars,  SE. 

Fig.  3C;  Refs.  25  and  26),  were  not  observed  in  MCF-7  cells  treated  with 
any  concentration  of  /3-lap  (Fig.  3B).  The  changes  in  cell  cycle  distribu- 
Uon  and  apoptosis  for  /3-lap-treated  MCF-7  cells  discussed  above  were 
confirmed  using  temporal,  20-min  BrdUrd  pulse-labeling  techniques. 

CPT-induced  Cell  Cycle  and  Apoptotic  Effects  in  MCF-7  Cells. 
For  comparison,  MCF-7  cells  were  treated  with  various  doses  of  CPT, 
a  known  Topo  I  poison  that  causes  stabilization  of  Topo  I-DNA 
cleavable  complexes  and  DNA  breaks  in  human  cells,  for  4  h  (27).  A 
significant  and  irreversible  G2-M  cell  cycle  arrest,  which  lasted  144  h 
{i.e.,  6  days),  was  noted  after  1  /xm  CPT  (Fig.  3C);  other  experiments 
demonstrated  that  the  G2-M  arrest  lasted  up  to  9  days  posttreatment 
(data  not  shown).  Gg/G,  cells  steadily  decreased,  with  little  change  in 
S  phase,  indicating  that  few  cells  cycled  through  the  CPT-mediated 
Gj-M  arrest.  This  was  confirmed  by  BrdUrd  pulse  labeling,  in  which 
little  alteration  in  DNA  synthesis  was  noted  in  treated  cells.  Although 
checkpoint  responses  after  CPT  have  been  described  (28),  the  essen¬ 
tially  permanent  G2-M  arrest  observed  in  MCF-7  cells  following  1  /xm 
CPT  has  not  been  reported  to  our  knowledge.  Formation  of  preapop¬ 
totic  and  apoptotic  MCF-7  cells  noted  after  /3-lap  treatment  (Fig.  3B) 
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Fig,  2.  Visualization  of  apoptotic  responses  of  MCF-7  cells  after  /3-lap  or  CPT  exposures.  Log-phase  MCF-7  cells  were  treated  with  or  without  ^-lap  or  CPT  and  assayed  for  apoptotic 
bodies  using  Hoescht  dye  staining,  as  described  in  “Materials  and  Methods."  Shown  are  MCF-7  cells  treated  for  4  h  with  no  drug  (A),  5  jxM  /3-lap  (B),  1  ixM  CPT  (O,  or  5  p,M  CPT 
(D).  Photomicrographs  are  representative  of  experiments  performed  at  least  five  times.  Quantitation  of  apoptosis  in  MCF-7  cells  following  various  doses  of  CPT  or  ^-lap  using 
microscopy  led  to  results  that  were  identical  to  those  presented  in  Fig.  1. 


were  not  observed  following  doses  up  to  1  /u,m  CPT  for  up  to  6  days 
(Figs,  IB  and  3C). 

In  contrast,  MCF-7  cells  treated  with  5  piM  CPT  demonstrated  rapid 
and  near  permanent  Gj  and  S-phase  cell  cycle  arrests  (Fig.  3D).  Very 
few  MCF-7  cells  treated  with  5  /xm  CPT  entered  G2,  in  contrast  to  the 
dramatic  G2  block  observed  with  1  p,M  CPT.  Low-level  apoptosis 
(~  10-20%,  Fig.  3D)  was  observed  for  up  to  144  h  (6  days)  in  MCF-7 
cells  treated  with  5  /xm  CPT.  A  significant  amount  of  apparently 
nondividing  MCF-7  cells  were  visible  on  the  tissue  culture  plates  after, 
5  /xM  CPT  treatment.  The  changes  in  cell  cycle  distribution  and 
apoptosis  for  CPT-treated  MCF-7  cells  discussed  above  were  con¬ 
firmed  using  temporal,  20-min  BrdUrd  pulse  labeling  (data  not  shown). 

CPT,  but  not  /3-Lap,  Repressed  Cyclin  A  and  B1  Protein  Levels 
in  MCF-7  Cells.  We  then  examined  alterations  in  the  steady-state 
levels  of  a  number  of  proteins  that  regulate  or  are  regulated  by  the  cell 
cycle  at  various  times  following  /3-lap  or  CPT  exposures.  Cyclin  A  is 
expressed  during  S  and  G2  phases  of  the  cell  cycle,  and  decreased 
expression  of  cyclin  A  may  correlate  with  apoptosis  (29).  Repression 
of  cyclin  A  levels  in  human  cells  after  CPT  exposure  were  noted  (30). 
Steady-state  nuclear  protein  levels  of  cyclins  A,  B 1 ,  and  E  were  not 
altered  in  MCF-7  cells  following  5  /xm  |3-lap  (Fig.  4),  <2  fxM  ^-lap 
(data  not  shown),  or  up  to  1.0  p,M  CPT  (data  not  shown).  In  contrast, 
cyclin  A  and  B 1  levels  dramatically  decreased  in  MCF-7  cells  treated 
with  5  /xM  CPT,  at  times  (i.e.,  24-48  h.  Fig.  4)  when  —20%  apoptosis. 


significant  G,  delay,  and  decreases  in  S-phase  were  observed  (Fig. 
3D).  Decreased  steady-state  levels  of  cyclin  A  [and,  presumably,  loss 
of  cyclin-dependent  kinase  activity  (30)]  after  5  jxm  CPT  correlated 
well  with  the  delay  of  treated  cells  in  G,-S  and  S  phases.  In  contrast, 
levels  of  cyclin  E,  which  is  expressed  in  Gq/G,  and  S  phase  (31,  32), 
were  unchanged  for  up  to  72  h  after  5  /xm  CPT,  consistent  with  the 
constant  level  of  G,  cells  (Pig.  3D). 

Unlike  CPT,  /3-Lap  Exposure  Did  Not  Induce  p53  or  p21 
Protein  Levels  in  MCF-7  Cells.  Exposure  of  wild-type  p53-express- 
ing  rodent  or  human  cells  to  CPT  caused  a  dramatic  increase  in 
nuclear  p53  protein  levels  (25,  33).  CPT-mediated  p53  induction  is 
thought  to  be  caused  by  the  creation  of  DSBs  and/or  single-strand 
DNA  breaks  because  cells  attempt  to  replicate  past  Topo  I-DNA 
“cleavable  complexes”  (25,  33).  p53  levels  can  also  be  induced  by  the 
creation  of  free  radicals  (34).  Because  we  previously  reported  that 
/3-lap  catalytically  inhibited  Topo  I  in  vitro  (4)  and  did  not  induce 
DNA  breaks  (9)  or  stabilize  Topo  I-DNA  complexes  (9,  11),  we 
examined  changes  in  p53  and  p21  protein  levels  in  MCF-7  cells  after 
P-lap  or  CPT  exposures.  MCF-7  cells  exposed  to  0.1-10  /xm  j8-lap  did 
not  induce  nuclear  or  whole-cell  p53  or  p21  protein  levels  (Fig.  4 
shows  p53/p21  expression  after  5  /xm  /S-lap).  In  fact,  nuclear  levels  of 
p53  actually  dropped  below  basal  levels  following  10  /xm  /3-lap  (data 
not  shown). 

In  contrast,  treatment  of  MCF-7  cells  with  CPT  (0.1-10  /xm,  4  h) 
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Fig.  3.  Cell  cycle  distribution  of  log-phase  MCF-7  cells  after  ^-lap  or  CPT  exposures.  Log-phase  MCF-7  cells  were  treated  with  DMEM  alone  (/4)  or  with  DMEM  containing  5 
/xM  /3-lap  {B),  1  fjLM  CPT  (C),  or  5  /xm  CPT  (D)  for  4  h,  after  which  media  were  replaced  with  fresh  DMEM.  All  treatments  contained  0.25%  DMSO,  including  DMEM  alone.  Cells 
were  then  monitored  for  cell  cycle  changes  at  various  times  for  72-144  h  (up  lo  6  days).  Preapoptotic  cells  (B)  appeared  at  4  h  only  after  /3-lap  treatment  and  peaked  between  8-12 
h.  Percentages,  quantifications  of  DNA  amounts.  Apoptotic  cells  (which  contained  the  least  amount  of  DNA)  were  confirmed  by  morphological  examination  (Fig.  2).  dD,  0^/0 ,  cells; 

□,  S-phase  cells;  □,  G2-M  cells;  preapoptotic  cells  (only  found  in  ^-lap  treatment):  apoptotic  cells. - ,  actual  flow  cytometric  data.  Data  are  representative  of  cell  cycle 

distribution  trends  observed  in  at  least  six  separate  experiments. 
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Camptothecin  (5  pM)  B-lapachone  (5  pM) 


Fig.  4.  Changes  in  protein  expression  after  ex¬ 
posure  of  MCF-7  cells  to  /3-lap  or  CPT.  Log-phase 
MCF-7  cells  were  treated  with  5  /xm  /3-lap  or  CPT 
(4  h,  37°C)  and  monitored  over  time  (in  h)  for  the 
steady-state  expression  of  various  proteins. 
Changes  in  whole-cell  (i.e.,  p53,  p21,  Topo  I,  Topo 
Ila,  bcl-2,  and  a-tubulin)  and  nuclear  (i.e.,  cyclins 
A,  Bl,  and  E)  protein  levels  were  quantified  as 
described  in  “Materials  and  Methods.”  Fluctuations 
in  protein  loading  between  samples  were  monitored 
by  a-tubulin  levels.  Multiple  low  molecular  weight 
protein  bands  derived  from  Topo  I  or  Topo  Ila 
degradation  and  previously  observed  after  Western 
immunoblot  analyses  during  apoptosis  (39),  were 
observed  only  in  /3-lap-treated  extracts  after  ex¬ 
tremely  long  exposures  of  X-ray  film  (data  not 
shown).  Similar  degradation  products  were  not  ob¬ 
served  after  CPT-treated  log-phase  MCF-7  cells. 
Lanes  C,  untreated  control  samples.  For  the  steady 
state  levels  of  p53,  both  nuclear  (data  not  shown) 
and  whole-cell  (shown)  levels  demonstrated  p53 
protein  induction  by  CPT  but  not  by  /3-lap. 


caused  5-10-fold  induction  of  p53  within  4-24  h  (Fig.  4).  As  ex-  Topo  I  protein  levels  in  MCF-7  cells  after  5  /xm  /3-lap  or  CPT  (Fig.  4). 

pected,  delayed  (with  respect  to  p53)  and  dramatic  increases  (peaking  Neither  drug  treatment,  given  as  4-h  pulses,  affected  total  cellular 

at  48  h,  Fig.  4)  in  the  steady-state  levels  of  p21  protein  were  observed  Topo  I  protein  levels  for  up  to  8  h.  However,  Topo  I  protein  levels 

in  CPT-treated  MCF-7  cells,  as  reported  (35,  36),  decreased  -^70%  by  24  h  (Fig.  4)  following  5  /llm  /3-lap  or  CPT.  By 

CPT,  but  not  /3-Lap,  Repressed  bcl-2  Protein  Levels  in  MCF-7  48  h  after  5  /lxm  /3-lap  or  CPT,  Topo  I  protein  was  undetectable. 
Cells.  The  mitochondrial  protein,  bcl-2,  plays  an  important  role  in  Decreases  in  cellular  Topo  I  levels  in  MCF-7  cells  treated  with  /3-lap 
protecting  cells  from  apoptosis  in  various  human  cells  (37).  Treatment  (Fig.  4)  coincided  with  the  appearance  of  apoptosis  (compare  Fig.  4  to 
of  MCF-7  cells  with  5  fxM  (or  10  /llm)  /3-lap  did  not  affect  the  levels  Fig.  3B)y  and  apoptotic  cleavage  fragments,  similar  to  those  described 
of  bcl-2  at  any  time  (Fig.  4),  although  40-60%  apoptosis  was  noted  previously  (39),  were  observed  after  longer  exposures  of  Western 
at  48  h  (Fig.  3B).  In  contrast,  MCF-7  cells  treated  with  5  fxu  CPT  blots.  In  contrast,  decreased  Topo  I  levels  in  MCF-7  cells  after  CPT 
demonstrated  a  decrease  in  bcl-2  protein  levels  by  48  h.  The  Western  (Fig.  4)  did  not  coincide  with  apoptosis  because  only  10-20%  apop- 
blot  in  Fig.  5  used  the  same  protein  samples  but  was  loaded  differ-  totic  cells  were  noted  at  72-144  h  (Fig.  3D).  Topo  I-related  apoptotic 
ently.  Levels  of  a-tubulin  did  not  change  after  /3-lap  or  CPT  treat-  cleavage  fragments  were  not  observed  after  CPT,  presumably  because 
ments,  as  shown  in  Fig.  4.  Our  results  with  bcl-2  (i.e.,  loss  of  bcl-2  low  levels  of  apoptosis  were  induced. 

following  CPT  and  no  alterations  in  this  protein  after  j3-lap)  were  Repression  of  Topo  Ila  Levels  in  MCF-7  Cells  after  /3-Lap  or 
consistent  with  previous  data  using  human  leukemia  cells  (5,  37).  CPT  Treatments.  We  also  examined  alterations  in  total  cellular 
Altered  Topo  I  Levels  in  MCF-7  Cells  after  /3-Lap  or  CPT.  levels  of  Topo  Ila  at  various  times  after  5  ju,m  J3-Iap  or  CPT  (Fig. 
Decreases  in  Topo  I  protein  levels  were  reported  in  human  cells  4).  Topo  Ila  protein  and  transcript  are  expressed  in  a  cell  cycle¬ 
following  Topo  I  poisons  (38,  39).  Because  both  CPT  and  /3-lap  dependent  manner  in  late  S  and  through  G2-M  phases  of  the  cell 
inhibited  Topo  I  in  vitro  (4,  8,  11)  but  killed  MCF-7  cells  by  very  cycle,  with  little  expression  in  Gq/Gi  or  early  S  phase  (40).  Similar 
different  mechanisms  (Figs.  1-4),  we  examined  changes  in  cellular  decreases  in  Topo  Ila  protein  levels  were  observed  after  /3-lap  or 
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border  (cells  did  not  enter  S  phase  by  BrdUrd  incorporation  analyses). 
These  results  were  confirmed  using  jS-lap-treated,  estrogen-deprived 
MCF-7  cells,  in  which  a  near  synchronous  apoptotic  loss  of  G(/Gj  cells 
occurred,  without  Gj  accumulation  or  S  phase-related  incorporation  of 
BrdUrd.  The  lack  of  jS-lap-induced  cell  cycle  checkpoints  was  also 
confirmed  by  unaltered  steady-state  expression  of  cyclins  A,  Bl,  and  E 
proteins  (23, 46-49).  Concomitant  losses  of  Topo  I  and  Topo  Ifa  at  >24 
h  posttreatment  in  jS-lap-treated  MCF-7  cells  (Fig.  4)  may  have  been 
caused  by  the  apoptotic  removal  of  cells  at  (Fig.  6B). 

pRb  is  a  tumor  suppressor  gene  that  controls  transit  of  cells  through 
the  Gj-S  border.  The  pRb  protein  undergoes  a  series  of  phosphoryl¬ 
ation  events  that  alter  its  function  to  allow  cell  cycle  progression  (41). 
Loss  of  hyperphosphorylated  forms  of  pRb  occurs  during  apoptosis 
(42).  Treatment  of  MCF-7  cells  with  5  /3-lap  caused  the  apparent 
rapid  (within  3-5  h  posttreatment)  dephosphorylation  of  pRb  (Fig.  5). 
In  temporal  terms,  loss  of  hyperphosphorylated  pRb  occurred  prior  to 
the  apparent  activation  of  a  caspase  that  cleaved  lamin  B,  presumably 
caspase  6  (39).  The  loss  of  hyperphosphorylated  pRb  and  the  syn¬ 
chronous  loss  of  Gq/Gi  cells,  implicate  the  Gq/Gj  border  as  the 
apoptotic  exit  point  for  ^-lap-induced  apoptosis.  Further  analyses  of 
the  loss  of  hyperphosphorylated  forms  of  pRb  and  degradation  of  this 
cell  cycle  control  protein  is  under  investigation  (44). 

MCF-7  cells  treated  with  CPT  demonstrated  very  different  cell 
cycle,  protein  expression,  and  apoptotic  responses.  CPT  is  a  known 
Topo  I  poison  (27)  that  results  in  DNA  breaks  (25),  induction  of 
p53/p21  (18),  cell  cycle  arrests  at  Gj,  S,  and  Gj-M  cell  cycle  check¬ 
points  (33),  and  apoptosis  (50).  Cellular  responses  to  CPT  occurred  in 
specific  dose-dependent  patterns  in  MCF-7  cells  after  a  4-h  pulse,  as 
well  as  in  a  variety  of  human  prostate  cancer  cells  (4).  In  MCF-7  cells 
treated  with  1  p,M  CPT,  significant  cell  cycle  arrest  in  Gj-M  but  not 
in  Gi  or  S  phases  was  observed  (Fig.  3C).  Increases  in  p53/p21 
nuclear  protein  levels  were  observed,  presumably  as  a  direct  response 
to  DSBs  (25),  but  apoptosis  was  not  noted.  DSBs  (51),  as  well  as 
p53/p21  induction  (26),  may  have  accounted  for  the  subsequent  G2-M 
arrest  following  CPT.  In  contrast,  MCF-7  cells  treated  with  5  /jiM  CPT 
stalled  primarily  in  G,  and  S  phases,  where  most  cells  were  at  the  time 
of  treatment,  especially  when  deprived  of  estrogen  (Fig.  6C).  Forma¬ 
tion  of  extensive  Topo  I-DNA  complexes  after  such  supralethal  doses 
of  CPT  probably  caused  transcriptional  interference  (14,  15)  and 
subsequent  rapid  and  complete  cell  cycle  arrests,  possibly  mediated  by 
a  rapid  and  extensive  p53  response  (Fig.  4).  Apoptotic  cells  (/.e., 
~20%)  were  then  observed  at  72  h  posttreatment  with  decreases  in 
bcl-2,  cyclin  Bl,  and  cyclin  A,  but  not  cyclin  E.  Decreases  in  bcl-2 
and  cyclin  A/cdk2  have  been  observed  after  CPT  treatment  (30,  37, 
52).  The  protein  expression  data  shown  in  Fig.  4,  which  demonstrated 
moderate  decreases  in  bcl-2  in  MCF-7  cells  after  CPT,  correlated  with 
the  low  level  of  apoptosis  observed  (37).  Although  CPT  was  more 
cytotoxic  than  j8-lap  on  a  molar  ratio  basis  (Fig.  1),  we  speculate  that 
the  p53/p21  induction  and  subsequent  cell  cycle  checkpoint  arrest 
responses  observed  after  CPT  may  have,  in  fact,  promoted  repair  and 
prevented  apoptosis  in  MCF-7  cells.  Alternatively,  but  not  mutually 
exclusively,  CPT-mediated  cell  death  signals  may  work  through  ap¬ 
optotic  pathways  (e.g.,  caspase  3  activation)  that  are  deficient  in 
MCF-7  cells  (44).  Finally,  estrogen-deprived  MCF-7  cells  treated 
with  CPT  appeared  resistant  to  apoptosis,  although  no  differences  in 
survival  in  quiescent  and  growing  cells  were  noted.  The  lack  of 
apoptotic  responses  after  CPT  treatment  may  also  participate  in  the 
potent  carcinogenic  properties  of  this  agent  (53). 

/3-Lap  Is  Not  a  DNA-damaging  Agent.  Our  data  are  consistent 
with  the  hypothesis  that  /3-lap  exposure  does  not  cause  DNA  breaks  in 
exposed  human  cells,  as  reported  (9).  Exposure  of  MCF-7  cells  to  /3-lap 
(up  to  10  p-m)  did  not  elicit  cell  cycle  checkpoint  responses  or  p53/p21 
induction,  which  can  be  a  very  sensitive  measure  of  the  appearance  of 


DNA  breaks  in  cells  exposed  to  DNA-damaging  agents  (25, 33)  or  agents 
that  generate  free  radicals  (26,  51).  In  fact,  at  high  doses  of  /3-lap  (>10 
pM),  we  noted  decreases  in  the  basal  steady-state  level  of  p53  protein. 
Further  research  is  currently  ongoing  in  our  laboratory  to  examine  this 
p53  degradation.  Coordinate  cell  cycle  and  p53  responses  indicative  of 
DNA  damage  were  observed  in  MCF-7  cells  (which  express  wild-type 
p53  protein)  after  CPT  treatment  (Figs.  3  and  4).  Collectively,  our  data 
suggest  that  j8-lap  induces  a  direct  apoptotic  response  in  MCF-7  cells, 
without  the  formation  of  DNA  breaks,  consistent  with  previous  data  (9) 
at  a  time  when  Topo  I  but  not  Topo  Ha  protein  was  expressed.  Further 
research  will  be  required  to  dehneate  whether  /3-lap  works  through  Topo 
I  in  vivo,  because  the  inhibition  of  Topo  I  by  /3-lap  also  did  not  produce 
DNA  breaks  or  Topo  I-DNA  complexes  (4,  5,  12).  We  speculate  that 
/3-lap  may  directly  activate  apoptotic  proteases,  possibly  through  a  non¬ 
nuclear  signaling  mechanism. 

It  is  interesting  that  similar  and  dramatic  decreases  in  Topo  I  and 
Topo  Ila  protein  levels  occurred  after  /3-lap  or  CPT  (Fig.  4).  Alter¬ 
ations  in  Topo  I  levels  have  been  reported  following  poisons  that 
target  this  enzyme  (38,  54).  We  speculate  that  decreases  in  Topo  I 
and/or  Topo  Ila  after  /3-lap  exposure  may  have  resulted  from  a 
depletion  of  cells  in  Gj-M  due  to  a  prior  loss  of  cells  at  Gj  (Figs.  3B 
and  4)  and/or  the  activation  of  apoptotic  proteases  (e.g.,  caspases), 
which  specifically  target  these  enzymes  (39).  Consistent  with  this 
theory,  we  observed  Topo-related,  cleavage  fragments  that  were  con¬ 
sistent  with  previously  described  apoptotic  products  following  longer 
exposures  of  Western  blots  (39).  In  contrast,  Topo  I  and  Topo  Ila 
protein  decreases  after  5  jum  CPT  were  not  caused  solely  by  apoptotic 
responses  because  only  20%  apoptosis  was  observed.  Decreases  in 
Topo  I  may  represent  irreversible  and  near  complete  formation  of 
covalent  DNA-Topo  I  complexes  (38,  54),  and  simultaneous  loss  of 
Topo  Ila  may  have  resulted  from  accumulation  of  exposed  cells  in  Gj 
and  S  phases,  with  depleted  G2-M  cells  over  time  (Figs.  3D  and  4); 
Topo  Ila  is  expressed  during  late  S  and  throughout  G2-M  (40). 

Manipulation  of  Apoptotic  Pathways  for  Improved  Human 
Breast  Cancer  Therapy.  Topo  I  levels  are  elevated  in  human  pros¬ 
tate  and  colon  cancers  (17),  but  very  little  data  are  available  for  human 
breast  cancers  compared  to  associated  normal  tissue.  The  overall 
levels  of  Topo  I  protein  or  enzyme  do  not,  however,  necessarily 
predict  the  cytotoxic  outcome  in  many  cancer  cells  (55).  Therefore, 
we  believe  that  it  is  crucial  to  better  understand  how  cancer  cells, 
particularly  breast  cancer  cells,  are  killed  following  Topo  I  poisons  or 
following  other  compounds  that  mediate  apoptotic-dependent  cyto¬ 
toxicity  (e.g.,  ^-lap).  Equally  important  are  the  mechanisms  of  pro¬ 
tection  against  apoptosis,  which  may  reduce  efficacy.  Understanding 
such  mechanisms  of  cell  death  and  cell  death  protection  may  allow  us 
to  alter  apoptotic  responses  in  human  breast  cancer  cells  for  tumor 
regression.  /3-Lap  and  its  derivatives  hold  great  promise  for  chemo¬ 
therapeutic  approaches  that  exploit  specific  apoptotic  pathways  that 
are  present  in  tumor  cells  but  absent  or  weakly  activated  in  normal 
tissue.  We  believe  that  this  compound  holds  promise  as  a  direct 
chemotherapeutic  agent  and  as  a  radiosensitizer  against  human  breast 
cancer,  which  may  also  suppress  neoplastic  transformation  and  ge¬ 
netic  instability  induced  by  damage  in  normal  tissue  by  apoptotic 
processes  (9).  A  better  understanding  of  cell  stress  responses  to  this 
agent  may  lead  to  the  identification  of  its  exact  intracellular  target. 
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Abstract 

B-Lapachone  (6-lap)  effectively  killed  a  variety  of  breast  cancer  cell 
lines  via  apoptosis,  however,  the  mechanism  by  which  this  compound 
activated  downstream  proteolytic  execution  processes  remains  unknown. 
Exposure  of  breast  cancer  cells  to  6-lap  (4-10  pM,  4  h)  resulted  in  rapid 
dephosphorylation  of  the  retinoblastoma  protein  (pRb)  followed  by  loss  of 
pRb  in  24  h.  Topotecan  (TPT)  exposure  also  led  to  accumulation  of 
dephosphorylated  pRb,  albeit  to  a  lesser  extent.  TPT  activated  the  caspase- 
mediated  protease  pathway,  similar  to  6-lap  at  low  doses  and  both  were 
prevented  by  zVAD-fmk.  However  at  higher  doses  of  6-lap,  a  novel  non- 
caspase-mediated  “atypical”  cleavage  of  PARP  (i.e.  an  ~60  kDa  cleavage 
fragment)  was  observed  in  a  cell  type-dependent  manner.  Atypical  PARP 
cleavage  directly  correlated  with  apoptosis  in  MCF-7:WS8  cells  and  was 
inhibited  by  the  global  cysteine  protease  inhibitors,  iodoacetamide  and  N- 
ethylmaleimide.  This  cleavage  was  insensitive  to  inhibitors  of  caspases, 
granzyme  B,  cathepsins  B  and  L,  trypsin  and  chymotrypsin-like  proteases. 
The  protease  responsible  appears  to  be  calcium-dependent  and  the 
concomitant  cleavage  of  PARP  and  p53  was  consistent  with  a  6-lap- 
mediated  activation  of  calpain.  6-Lap  exposure  also  stimulated  the  cleavage 
of  lamin  B,  a  putative  caspase  6  substrate.  Re-expression  of  pro-caspase-3 
into  caspase-3  null  MCF-7:WS8  cells  did  not  affect  this  proteolytic  pathway, 
while  increasing  TNF-a  sensitivity.  This  novel  apoptotic  pathway  appears  to 
be  a  unique  response  to  the  cytotoxic  effects  of  6-lap. 

KEY  WORDS;  Apoptosis,  6-Lapachone,  Caspase,  Breast  Cancer,  Poly 
(ADP)-Ribose  Polymerase  (PARP),  Calpain 
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Introduction 

The  execution  phase  of  apoptosis  culminates  in  the  activation  of  a 
cascade  of  specific  cysteine  proteases  which  cleave  following  aspartate 
residues  in  target  proteins.  These  proteases,  named  caspases  (1),  comprise  a 
family  of  zymogens  that  are  converted  to  activated  proteases  by  specific 
cleavage  reactions.  The  activation  of  these  proteases  can  be  indirectly 
measured  by  the  appearance  of  relatively  long-lived  polypeptide  cleavage 
fragments.  Substrate  cleavage  products  include  the  89  kDa  fragment  of 
poly(ADP-ribose)  polymerase  (PARP),  the  46  kDa  polypeptide  of  lamin  B, 
the  -100  kDa  C-terminally  or  -68  kDa  internally  cleaved  polypeptides  of 
retinoblastoma  protein  (pRb),  and  the  -68  kDa  fragment  derived  from  Spl 
(2-5).  The  cleavage  sites  within  some  apoptotic  death  substrates  have  been 
precisely  mapped  and  used  to  design  inhibitors  of  the  caspases,  such  as 
zVAD-fmk  and  DEVD-fmk,  which  were  developed  using  the  recognition 
sites  for  caspases- 1  and  -3,  respectively  (6).  In  contrast,  the  global  cysteine 
protease  inhibitors,  iodoacetamide  and  N-ethyhnaleimide,  directly  react  with 
active  site  cysteines  and  thereby  inhibit  all  cysteine  proteases,  as  well  as 
other  enzymes  that  contain  accessible  -SH  groups  (7, 8). 

While  a  great  deal  of  information  has  been  generated  regarding  the 
action  of  caspases  during  apoptosis,  less  is  known  about  alternate  apoptotic 
proteolytic  pathways  that  are  activated  after  treatment  with  various  cytotoxic 
agents.  A  number  of  reports  have  shown  that  the  neutral  calcium-dependent 
protease,  calpain,  can  be  activated  during  apoptosis  (9-11);  a  key  in  vivo 
target  of  calpain  appears  to  be  p53.  Other  reports  have  demonstrated  the 
activation  of  non-caspase  proteases,  such  as  the  nuclear  scaffold  protease 
(12,  13)  and  unknown  serine  proteases  during  apoptosis  (14, 15).  The  serine 
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protease(s)  described  in  these  studies  appeared  to  be  distinct  from  granzyme 
B,  which  induces  apoptosis  through  caspase  activation  (16). 

Distinct  changes  in  pRb  appear  to  be  early,  as  well  as  late,  markers  of 
apoptosis  in  many  human  cancer  cells  treated  with  chemotherapeutic  agents 
(4,  17,  18).  The  dramatic  accumulation  of  hypophosphorylated  pRb,  at  the 
expense  of  phosphorylated  protein,  was  shown  during  apoptosis  after 
treatment  with  a  variety  of  agents  (18,  19).  The  exact  mechanism(s) 
responsible  for  the  accumulation  of  hypophosphorylated  pRb  is  still 
unknown,  but  repression  of  cell  cycle  progression  has  been  documented  (20). 
While  phosphatase  inhibitors  prevented  the  dephosphorylation  of  pRb,  an 
increase  in  phosphatase  activity  was  not  observed  following  etoposide- 
induced  apoptosis  (17).  These  data  suggested  that  loss  of  kinase  activity  in 
the  presence  of  constitutive  phosphatase  levels  may  account  for 
accumulation  of  hypophosphorylated  pRb. 

Cleavage  of  pRb  at  later  stages  of  apoptosis  has  been  noted.  Two 
different  pRb  cleavage  events  have  been  reported  (4,  5).  An  et  al.,  (5)  have 
demonstrated  the  presence  of  48  kDa  and  68  kDa  pRb  fragments  following 
treatment  of  HL-60,  U937  or  Jurkat  cells  with  Ara-C,  VP- 16  or  the  Fas 
ligand.  This  cleavage  was  inhibited  by  CrmA,  bcl-2  or  YVAD-cmk, 
suggesting  a  caspase-mediated  pathway;  however,  no  obvious  caspase 
recognition  sites  were  present  at  sites  in  the  pRb  protein  which  would  give 
rise  to  these  fragments.  A  reasonable  interpretation  of  these  data  could  be 
that  caspases  were  involved  upstream,  but  the  protease  responsible  for 
cleaving  pRb  was  not  a  known  caspase. 

Janicke  et  al.,  (4)  demonstrated  a  different  in  vivo  cleavage  pattern  of 
pRb  during  apoptosis.  This  cleavage  occurred  at  a  caspase-3  recognition  site 
within  the  protein,  resulting  in  removal  of  a  small  segment  (~40  amino 
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acids)  from  the  C-terminus  of  pRb  and  forming  an  ~  100  kDa  pRb  fragment. 
Subsequent  release  of  MDM-2  accompanied  this  proteolysis,  however,  E2F- 
1  binding  was  not  affected.  Thus,  disruption  of  normal  pRb  function, 
through  either  dephosphorylation  or  cleavage,  is  thought  to  cause  a  dramatic 
deregulation  of  normal  cell  cycle  progression,  which  thereby  stimulates 
apoptosis  by  unknown  mechanisms. 

6-lapachone  (6-Lap)  is  a  naturally  occurring  1,2-naphthoquinone 
initially  isolated  from  the  bark  of  the  Lapacho  tree,  native  to  South  America. 
We  previously  demonstrated  that  this  drug  is  a  radiosensitizing  agent  against 
human  laryngeal  carcinoma  and  melanoma  cell  lines  (21).  Using  cell-free 
assays,  6-lap  inhibited  Topo  I  by  a  mechanism  quite  different  from  that  of 
camptothecin  (CPT)  or  the  related  compounds,  TPT,  9-aminocamptothecin 
or  Irinotecan  (22).  For  example,  6-lap  administration  did  not  stabilize  Topo 
I-DNA  cleavable  complexes  in  vivo  (23)  or  in  vitro  (24).  In  contrast,  the  CPT 
family  members  stabilized  cleavable  complexes  (23),  resulting  in  the 
formation  of  DNA  single  strand  nicks  (25)  and  induction  of  wild-type  p53 
(26).  The  fact  that  6-lap  did  not  produce  DNA  single  strand  nicks  in  human 
or  hamster  cancer  cells  (25,  27)  was  indirectly  confirmed  by  the  absence  of 
wild-type  p53  induction  in  breast  or  prostate  cancer  cells  (22, 28).  While  the 
in  vitro  assays  indirectly  suggested  that  Topo  I  may  be  an  intracellular  target 
of  6-lap,  it  seemed  likely  that  it  was  not  the  only  mechanism  through  which 
this  compound  acted  (28,  29).  We  recently  reported  that  the  cytotoxicity 
caused  by  6-lap  in  MCF-7:WS8  breast  cancer  cells  could  be  solely 
accounted  for  by  apoptotic  responses  (28).  Interestingly,  6-lap-mediated 
apoptosis  in  MCF-7:WS8  cells  was  accompanied  by  a  dramatic  decrease  in 
p53  steady  state  levels,  prior  to  the  appearance  of  apoptotic  morphologic 
changes  (28).  We  were,  therefore,  interested  to  see  if  this  relationship 
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between  loss  of  survival  and  apoptosis  held  true  for  other  breast  cancer  cells. 
We  describe  a  novel,  non-caspase,  cysteine  protease-mediated  apoptotic 
pathway,  which  was  activated  independently  of  cell  cycle  status,  in  various 
breast  cancer  cells  treated  with  6-lap.  This  protease  shares  some 
characteristics  with  the  neutral  calcium-dependent  protease,  calpain. 
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Materials  and  Methods 


Chemicals  and  Tissue  Culture  Reagents.  Estradiol  (E2),  4- 
hydroxytamoxifen  (4-OHT)  (Sigma  Chemical  Co.,  St,  Louis,  MO),  or  ICI 
182,780  (a  generous  gift  from  Dr.  V.  Craig  Jordan,  Northwestern 
University)  were  dissolved  in  100%  ethanol  as  lOOOX  stocks  and  maintained 
at  -20°  C.  6-lap  [MW:  242,  e=  25790)  generously  supplied  by  Dr.  William 
G.  Bommann  (Memorial  Sloan  Kettering,  NY,  NY]  and  topotecan  (TFT) 
(Smith  Kline  Beecham,  Philadelphia,  PA)  were  dissolved  in  DMSO  and 
concentrations  confirmed  by  spectrophotometric  analyses  (28,  30). 
Nocodazole  was  purchased  from  Sigma  Chemical  Co.,  and  a  2  mg/ml  stock 
solution  was  made  in  DMSO  immediately  before  use.  All  tissue  culture 
reagents  were  purchased  from  GIBCO  Laboratories,  Grand  Island,  NY, 
unless  otherwise  stated.  Charcoal-stripped  serum  was  prepared  by  treating 
fetal  bovine  serum  (FBS)  three  times  with  dextran-coated  charcoal  as 
described  (31). 

Antibodies  and  Protease  Inhibitors.  The  C-2-10  PARP  monoclonal 
antibody  was  purchased  from  Enzyme  Systems  Products  (Dublin,  CA),  An 
N-terminal  PARP  (clone  N-20),  Spl  polyclonal,  p53  monoclonal  (clone  DO- 
1)  and  all  horseradish  peroxidase-conjugated  secondary  antibodies  were 
obtained  from  Santa  Cruz  Biotechnologies  (Santa  Cruz,  CA).  Monoclonal 
antibodies  to  pRb  (clone  G3-245)  and  underphosphoiylated  pRb  (clone  G99- 
549),  were  obtained  from  PharMingen  (San  Diego,  CA).  A  polyclonal 
antibody  specific  to  phosphorylated  serine  780  of  the  pRb  protein  was 
obtained  from  Medical  and  Biological  Laboratories  Co,  Ltd.  (Boston,  MA). 
Antibody  to  caspase-3  was  obtained  from  Transduction  Laboratories 
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(Lexington,  KY).  Antibody  to  lamin  B  was  obtained  from  Matritech,  Inc. 
(Cambridge,  MA).  zVAD-fmk,  DEVD-fmk,  zFA-fmk  and  zAAD-fmk  were 
obtained  from  Enzyme  Systems  Products  (Dublin,  CA),  diluted  in  DMSO 
and  used  at  25  fiM  unless  otherwise  stated.  TPCK,  TLCK,  iodoacetamide 
and  N-ethylmaleimide  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 
MO.)  and  diluted  in  DMSO  (TPCK  and  TLCK),  ethanol  (N- 
ethylmaleimide),  or  water  (iodoacetamide).  The  pBabe/puro  vector  was  a 
generous  gift  from  Dr.  Todd  Sladek. 

Tissue  Culture  and  Growth  Conditions.  MCF-7:WS8,  T47D:A18  [clones 
of  the  standard  MCF-7  and  T47D  cell  lines,  selected  by  limiting  dilution 
cloning  of  the  parental  cell  lines  in  whole  serum  (31-33)]  and  MDA-MB-231 
breast  cancer  cell  lines  were  obtained  from  Dr.  V.  Craig  Jordan 
(Northwestern  University,  Chicago,  IL).  MDA-MB-468  cells  were  obtained 
from  the  ATCC.  The  ER,  p53  and  pRb  status  of  these  cell  lines  are  outlined 
in  Table  1.  Cells  were  grown  in  RPMI  1640  medium  supplemented  with 
10%  FBS,  6  ng/ml  bovine  insulin,  2  mM  L-glutamine,  100  U/ml  penicillin 
and  100  mg/ml  streptomycin.  For  estrogen-free  tissue  culture  medium, 
phenol  red-free  RPMI  and  charcoal-stripped  FBS  were  used  as  previously 
described  (31).  Cells  were  routinely  passed  at  1:5  to  1:20  dilutions  once  per 
week  using  0.1%  trypsin.  All  cells  were  mycoplasma-free  and  grown  at  37 
°C  in  a  humidified  incubator  with  5%  C02-95%  air  atmosphere. 

Growth  Assays  and  Estrogen-Deprivation  Studies.  Forty  eight  hour  or 
six  day  growth  assays  were  used  to  assess  the  relative  sensitivities  of  breast 
cancer  cells  to  various  drug  treatments  as  previously  described  (31-33).  For 
estrogen  deprivation  studies,  cells  were  grown  in  estrogen-free  medium  for 
at  least  4  days  prior  to  the  start  of  experiments.  Cells  were  seeded  into  96 
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well  plates  (1.5  x  10^  or  1  x  10'^  cells/well)  in  0.2  ml  of  medium  on  day  0, 
and  allowed  to  attach  for  24  h.  On  day  1,  fresh  medium  containing  the 
indicated  drug(s),  was  added  to  the  appropriate  wells.  17B-Estradiol  (£3),  4- 
hydroxytamoxifen  (4-OHT),  or  ICI  182,780  (ICI)  were  added  to  cells  at 
1:1000  dilutions  from  appropriate  stock  solutions.  Estrogen-deprivation 
significantly  retarded  cell  growth  and  dramatically  increased  the  proportion 
of  MCF-7:WS8  and  T47D:A18  cells  in  Gi-  For  MCF-7:WS8,  83%  Gj  cells 
were  observed  after  6  days  of  growth  in  estrogen-free  medium  compared  to 
53%  in  log-phase  cultures.  Changes  in  cell  number,  measured  as  DNA 
content,  were  then  determined  in  untreated  or  drug-treated  cells  by  an 
adaptation  of  the  method  of  LaBarca  and  Paigan  (34)  and  analyzed  using  a 
Molecular  Dynamics  Biolumin  960  plate  reader  with  an  excitation 
wavelength  of  360  and  emission  wavelength  of  450  nm.  Data  were 
expressed  as  relative  growth  (T/C)  by  dividing  the  DNA  content  of  treated 
cells  (T)  by  that  of  untreated  cells  (C)  at  identical  times.  Data  points 
represent  the  mean  +  SEM  of  at  least  four  replicate  wells.  All  experiments 
were  performed  at  least  three  times. 

Western  Immunoblot  Analyses.  Whole  cell  extracts  were  prepared  by 
direct  lysis  of  PBS  washed  cells  (both  floating  and  attached  cells  were 
pooled)  in  PARP  extraction  buffer  (6  M  urea,  2%  SDS,  10%  glycerol,  62.5 
mM  Tris-HCl  (pH  6.8),  5%  6-mercaptoethanol  and  5  mg/ml  bromphenol 
blue).  Samples  were  then  sonicated  with  a  fifteen  second  burst  using  a 
Fisher  550  Sonic  dismembrator.  Equal  amounts  of  protein  were  heated  at  65 
”C  for  10  min  and  separated  by  10%  SDS-PAGE.  Separated  proteins  were 
transferred  to  Immobilon-P  (Millipore  Corp.,  Bedford,  MA)  membranes 
using  a  Multiphor  II  semi-dry  electroblotting  device  (Pharmacia  Biotech 
Inc.,  Piscataway,  NJ)  according  to  the  manufacturer’s  instructions.  Loading 
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equivalence  and  transfer  efficiency  were  monitored  by  Ponceau  S  staining  of 
transferred  membranes.  Standard  western  immunoblotting  techniques  were 
used  to  probe  for  various  steady  state  protein  levels  as  indicated  and 
previously  described  (22,  28).  Proteins  of  interest  were  visualized  with  ECL 
using  the  Super  Signal  chemiluminescence  reagent  (Pierce  Chemical  Co., 
Rockford,  IL)  at  20°C  for  5  min.  Membranes  were  exposed  to  X-ray  film 
and  developed.  Gels  shown  represent  results  of  experiments  repeated  at 
least  three  times. 

Flow  Cytometry.  Flow  cytometric  analyses  of  breast  cancer  cell  lines 
before  and  after  U-lap  or  TPT  treatments  were  performed  as  previously 
described  (22, 28).TUNEL  assays  were  performed  using  the  APO-DIRECT™ 
kit  (Phoenix  Flow  Systems,  Inc.  San  Diego,  CA.).  The  samples  were  read  in 
a  EPICS  Elite  ESP  flow  cytometer  using  an  air-cooled  argon  laser  at  488 
nm,  15  mW  (Beckman  Coulter  Electronics,  Miami,  FL).  Propidium  iodide 
was  read  at  640  nm  using  a  long  pass  optical  filter  and  FITC  was  read  at  525 
nm  using  a  band  pass  filter.  Analyses  were  performed  using  the  Elite 
acquisition  software  provided  with  the  instrument. 

Retro viral-Mediated  Stable  Expression  of  Caspase  3  in  MCF-7:WS8 
Cells.  The  pBabe/puro/cpp32  plasmid  was  constructed  by  treating  the 
BamHI/PstI  cpp32  cDNA  insert  from  pBS/cpp32  plasmid  (a  generous  gift 
from  Dr.  Vishva  Dixit,  Genentech  Inc.)  with  T4  DNA  polymerase  and  then 
subcloning  into  the  blunt-ended  pBabe/puro  vector. 

MCF-7:WS8  cells  (3x10^  cells/plate)  were  seeded  and  allowed  to 
grow  overnight.  The  pBabepuro  retroviral  vector  (a  generous  gift  from  Dr. 
T.  Sladek,  Chicago  Medical  School)  (2  pg/plate)  either  encoding  cpp32 
(caspase-3)  cDNA,  or  empty  vector  were  mixed  with  10  pi  of  Lipofectamine 
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(Life  Technologies,  Gaithersburg,  MD)  and  transfected  into  cells  according 
to  the  manufacturer’s  instructions.  After  transfection  (24  h),  cells  were  split, 
diluted  and  inoculated  into  96-well  plates.  Transfected  cells  were  selected 
with  2  pg/ml  puromycin.  Individual  clones  were  screened  by  immunoblot 
analysis  of  caspase  3  expression  and  positive  clones  (5  of  12  )  were  pooled 
for  further  characterization.  A  single  caspase-3  expressing  clone  was 
selected  for  investigation. 
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RESULTS 


Relative  Drug  Sensitivities.  Log-phase  breast  cancer  cells  were  exposed  to 
a  range  of  6-lap  or  TFT  doses  for  48  h  and  cell  numbers  were  compared 
(using  DNA  content  measurements)  to  untreated,  log-phase  growing  control 
cells  as  described  in  “Experimental  Procedures”  (Fig.  1).  MCF-7:WS8  cells 
were  the  most  sensitive  (IC75  =  3.5  pM)  and  MDA-MB-231  were  the  least 
sensitive  (IC75  >  10  pM)  to  6-lap,  with  MDA-MB-468  (IC75  =  4.0  pM)  and 
T47D:A18  (IC75  =  7.0  pM)  showing  intermediate  sensitivities.  In  contrast, 
MDA-MB-468  and  T47D:A18  cells  were  the  most  sensitive  to  TFT  with 
IC75  values  of  0.5  pM.  MCF-7:WS8  and  MDA-MB-231  cells  were  the  most 
resistant  to  TFT  treatment  with  IC75S  values  of  4.0  and  6.0  pM,  respectively. 
Differences  in  relative  sensitivities  between  breast  cancer  cells  to  TFT 
compared  to  6-lap  suggested  disparate  mechanism(s)  of  growth  inhibition  or 
cell  death  (possibly  due  to  apoptosis). 

Cell  Cycle-Independent  Cytotoxicity.  Since  Topo  I  poisons  are  thought  to 
kill  cycling,  but  not  arrested  cells  (presumably  due  to  DNA  synthesis  past 
Topo  I-DNA  “cleavable  complexes”),  we  assessed  the  influence  of  cell  cycle 
progression  on  6-lap  compared  to  TFT  cytotoxicity  using  DNA  content 
assays.  These  studies  were  restricted  to  the  estrogen-dependent  MCF- 
7:WS8  and  T47D:A18  breast  cancer  cell  lines,  since  their  growth  in 
estrogen-deprived,  phenol  red-free  culture  medium  has  been  well  defined 
(33).  Cells  were  deprived  of  estrogen  for  6  days,  which  caused  a  significant 
Gj  delay  at  a  predetermined  point  in  the  cell  cycle  (33,  35,  36),  prior  to 
addition  of  either  6-lap  or  TFT.  Cells  were  then  exposed  to  gradient 
concentrations  of  6-lap  or  TFT  in  estrogen  deprived  (control)  medium, 
control  medium  containing  £3  (10  nM),  medium  containing  whole  serum 
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alone,  or  in  the  presence  of  inhibitory  concentrations  of  the  antiestrogens,  4- 
hydroxytamoxifen  (4-OHT)  or  ICI  182,780  (ICI)  for  48  h  (Fig.  2).  Both  cell 
lines  were  stimulated  to  enter  the  cell  cycle  and  begin  log-phase  growth  after 
addition  of  medium  containing  176-estradiol  or  whole  serum.  Addition  of 
antiestrogens  specifically  inhibited  estrogen-mediated  cell  growth.  Estrogen 
deprivation  and/or  antiestrogen  administration  led  to  a  cytostatic  growth 
inhibition  of  75-85%  compared  with  cells  grown  in  medium  containing  Ej  or 
whole  serum  (data  not  shown  and  (32,  37)).  Additional  6-lap  or  TFT 
treatments  led  to  a  complete  loss  of  cells,  demonstrating  a  similar  cytotoxic 
response  in  both  log  phase  (+E2)  or  arrested  (-Ej  or  plus  antiestrogens)  cells 
(Fig.  2). 

Apoptotic  Protease  Activation  After  6-Lap  or  TPT  Treatment.  To 
investigate  caspase  activation  pathways  in  various  breast  cancer  cells 
following  TPT  or  6-lap  exposures,  we  examined  PARP  cleavage  using 
western  immunoblot  analyses  as  described  in  ‘Experimental  Procedures’. 
Cells  were  treated  continuously  with  5  to  10  pM  6-lap  and  PARP  cleavage 
was  assessed  48  h  later.  Treatment  with  5  pM  6-lap  induced  classic  PARP 
cleavage,  resulting  in  the  appearance  of  an  89  kDa  fragment  in  all  breast 
cancer  cells,  except  for  MDA-MB-231  (Fig.  3).  In  MCF-7:WS8  cells,  a 
cross-reacting  protein  of  ~80  kDa  (indicated  by  an  “*  ”  in  Figs.  3,  4  and  5) 

was  present  even  in  untreated  cells.  The  identity  of  this  protein  is  unknown, 
however,  it  does  appear  to  be  degraded  during  apoptosis. 

At  higher  doses  of  6-lap  we  observed  an  “atypical”  ~60  kDa  PARP 
fragment.  This  "atypical"  cleavage  of  PARP  was  most  apparent  in  MCF- 
7:WS8  cells  (Fig.  3,  lanes  10-12),  which  were  the  most  sensitive  to  6-lap 
(Figs.  1  and  2).  Like  MCF-7:WS8,  MDA-MB-468  cells  demonstrated  an 
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atypical  PARP  cleavage  pattern  after  6  pM  or  greater  doses  of  6-lap.  In 
general,  PARP  cleavage  reflected  the  relative  sensitivity  of  each  cell  line  to 
6-lap,  even  though  some  cells  demonstrated  primarily  the  “atypical” 
cleavage  pattern  (e.g.,  MCF-7:WS8),  whereas  others  (e.g.  T47D:A18) 
predominantly  showed  typical  caspase-mediated  PARP  cleavage. 
Interestingly,  T47D:A18  cells  demonstrated  atypical  PARP  cleavage 
following  treatment  with  10  pM  6-lap  (see  lane  24,  Fig.  3).  A  secondary 
PARP  cleavage  fragment  of  ~40  kDa  was  also  observed  in  cells  (e.g.,  MCF- 
7:WS8  and  MDA-MB-468)  which  display  maximal  amounts  of  the  60  kDa 
PARP  fragment  (Fig.  3).  It  is  currently  unclear  whether  this  is  an  unique 
fragment  or  the  result  of  further  cleavage  of  the  original  60  kDa  fragment. 
However,  the  steady  state  levels  of  the  40  kDa  protein  were  lower  than  that 
of  the  60  kDa  polypeptide  and  peak  levels  of  the  ~40  kDa  protein  were 
apparent  at  times  later  than  the  first  appearance  and  peak  levels  of  the  60 
kDa  fragment.  These  data  suggest  that  the  ~40  kDa  fragment  is  a  byproduct 
of  the  original  cleavage  event  which  resulted  in  the  formation  of  the  60  kDa 
PARP  protein.  Interestingly,  the  apparent  amount  of  the  60  kDa  fragment 
was  much  greater  than  full-length  PARP  protein.  Loading  equivalence,  as 
assessed  by  Ponceau  S  staining,  showed  that  all  lanes  contained  equal 
amounts  of  protein.  This  apparent  incongruity  may  be  the  result  of  either 
more  efficient  extraction  of  the  fragment  from  the  nuclear  matrix,  or 
increased  accessibility  of  the  epitope  by  antibody,  after  6-lap  induced 
cleavage.  MDA-MB-231  cells  did  not  show  significant  PARP  cleavage  at 
doses  of  6-lap  up  to  10  pM,  in  direct  correlation  with  drug  sensitivity  (Fig. 
3). 

Breast  cancer  cell  lines  were  also  treated  with  a  range  of  TPT  (10  nM 
to  10  pM)  for  48  h.  We  also  co-administered  25  pM  zVAD-fink,  a  caspase 
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inhibitor,  to  determine  if  PARP  cleavage  was  caused  by  caspase  activation 
after  three  doses  of  TPT  (50,  500  and  5000  nM)  (Fig.  4).  As  observed 
following  6-lap  exposures,  the  relative  sensitivity  of  breast  cancer  cells  to 
the  growth  inhibitory  effects  of  TPT  was  reflected  to  some  degree  in  PARP 
cleavage  (Fig.  4).  However,  the  doses  of  TPT  required  to  elicit  PARP 
cleavage  in  vivo  were  significantly  above  the  apparent  IC50  values  for  each 
cell  line  (see  Fig.  1);  this  was  not  the  case  for  breast  cancer  cells  exposed  to 
6-lap.  These  data  are  consistent  with  previous  data  demonstrating  that  6-lap 
is  a  much  more  effective  inducer  of  apoptosis  than  CPT,  or  its  derivatives 
(20).  In  agreement  with  Fig.  1,  MDA-MB-468  and  T47D:A18  cells  were  the 
most  sensitive  to  TPT,  in  terms  of  the  formation  of  PARP  cleavage 
fragments.  Interestingly,  MDA-MB-231  cells  showed  no  PARP  cleavage  at 
any  TPT  dose  tested,  suggesting  that  these  cells  die,  or  are  growth  arrested, 
through  a  non-apoptotic  mechanism.  Co-administration  of  zVAD-fmk 
inhibited  TPT-mediated  PARP  cleavage  in  MCF-7:WS8  (lanes  10-12), 
T47D:A18  (lanes  22  and  23  with  50  and  500  nM,  but  not  5000  nM  TPT) 
and  MDA-MB-468  (lane  22  with  50  nM  but  not  with  500  or  5000  nM  TPT) 
cells.  These  data  suggested  that  TPT  exposure  led  to  the  activation  of  the 
classic  caspase  pathway.  For  each  cell  line,  higher  doses  of  TPT  could 
overcome  the  inhibition  of  PARP  cleavage  caused  by  co-administration  of 
25  pM  zVAD.  Importantly,  no  dose  of  TPT  gave  rise  to  the  atypical  PARP 
cleavage  fragment,  even  when  10  pM  TPT  was  used  (lanes  9  and  21,  Fig.  4). 
Evidence  For  Two  Apoptotic  Proteolytic  Pathways  Activated  By  6-Lap. 
In  order  to  determine  whether  "atypical"  PARP  cleavage  observed  after  6- 
lap  treatment  was  the  result  of  an  activated  caspase  family  member,  or 
another  class  of  cysteine  proteases,  cells  were  exposed  for  48  h  to  8  pM  6- 
lap  in  the  presence  of  a  battery  of  known  protease  inhibitors  (Fig.  5). 
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Included  were  general  chemical  inhibitors  and  more  specific  cleavage  site 
inhibitors  (38).  Exposure  of  MCF-7:WS8  or  MDA-MB-468  cells  to  8  pM  6- 
lap  caused  apoptotic  responses  (measured  by  PARP,  pRb  and  Spl  cleavage) 
that  were  insensitive  to  any  of  the  inhibitors,  which  were  simultaneously 
administered  at  previously  determined  efficacious  doses  (38).  The  modest 
level  of  89  kDa  PARP  cleavage  fragment  observed  in  untreated  MCF- 
7:WS8  or  MDA-MB-468  cells  was  due  to  slight  overgrowth  of  control  cells, 
which  activated  a  basal  level  of  apoptosis  and  classic  PARP  cleavage.  This 
basal,  caspase-mediated  PARP  cleavage  was  completely  inhibited  by  zVAD- 
fmk  in  both  cell  lines  (compare  the  minor  89  kDa  PARP  cleavage  fragment 
in  lane  1  to  the  absence  of  this  fragment  in  lane  2  for  MCF-7:WS8  in  Fig. 
5A).  zVAD-fmk  had  similar  effects  on  the  low  basal  levels  of  apoptosis  in 
MDA-MB-468  cells  (Fig.  5B  lanes  13  and  14). 

As  shown  in  Fig.  3,  T47D:A18  cells  exposed  to  8  pM  B-lap  for  48  h 
showed  classic  PARP  cleavage.  As  expected,  this  apoptotic  cleavage 
reaction  was  completely  blocked  by  co-administration  of  zVAD-fmk  at  25 
pM.  6-Lap-treated  T47D:A18  cells  also  showed  cleavage  of  Spl,  giving 
rise  to  the  previously  described  68  kDa  fragment  (2).  In  addition,  T47D:A18 
treated  with  6-Iap,  also  resulted  in  the  loss  of  phosphorylated  pRb  and  the 
appearance  of  an  ~100  kDa  cleavage  fragment,  which  was  described  by 
Janicke  et  al.  (4)  (compare  lanes  13  and  19,  Fig.  5 A).  All  cleavage  reactions 
observed  in  T47D:A18  cells  after  6-lap  treatment  were  completely  prevented 
by  25  pM  zVAD-fmk.  However,  accumulation  of  hypophosphorylated  pRb 
in  T47D:A18  cells  following  6-lap  treatment  was  unaffected  by  the 
administration  of  25  pM  zVAD  (lanes  19  to  20,  Fig.  5A).  These  data  are 
consistent  with  the  activation  of  a  caspase-mediated  apoptotic  pathway  in 
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T47D:A18  cells  after  6-lap  treatment,  which  may  be  unrelated  to  changes  in 
pRb  phosphorylation  state. 

MCF-7:WS8  and  MDA-MB-468  cell  lines,  which  showed  only 
atypical  PARP  cleavage  after  8  pM  6-lap  exposure,  also  demonstrated  an 
overall  decline  in  Spl  steady  state  levels.  However,  apoptotic  cleavage 
fragments  (observed  with  T47D;A18  cells)  were  not  observed  after  extended 
exposures  of  the  Western  blots  in  Fig.  5  (not  shown).  pRb  protein  was  not 
expressed  in  MDA-MB-468  cells  due  to  a  homozygous  deletion  of  the  pRb 
gene  (39, 40).  MCF-7:WS8  cells  treated  with  6-lap  showed  an  overall  loss  of 
pRb,  with  a  modest  level  of  cleavage;  a  60  kDa  pRb  fragment  was  noted, 
similar  to  that  described  by  An  and  Dou  (5).  pRb  cleavage  in  MCF-7:WS8 
cells  caused  by  6-lap  exposure  was  not  affected  by  co-administered  protease 
inhibitors  (Fig.  5 A,  lanes  8-12).  MDA-MB-231  cells,  which  were  resistant 
to  6-lap  exposure,  showed  no  significant  alteration  in  the  steady  state  levels 
of  PARP,  pRb,  or  Spl,  consistent  with  their  resistance  to  6-lap-induced 
apoptosis  and  growth  inhibition  (Fig.  1). 

To  confirm  that  6-lap  cytotoxicity  was  primarily  mediated  by  the 
induction  of  apoptosis  and  not  necrosis,  we  utilized  the  TUNEL  assay, 
which  measures  DNA  breaks  created  by  apoptotic  endonucleases  (41).  MCF- 
7:WS8  cells  were  exposed  to  a  4  h  pulse  of  8  pM  6-lap  and  analyzed  for 
terminal  deoxynucleotide  transferase-mediated  incorporation  of  FITC- 
labeled  dUTP,  20  h  later.  Greater  than  90%  of  the  6-lap-treated  MCF-7:WS8 
cells  were  TUNEL  positive  (Fig  6).  This  finding,  in  addition  to  the  dramatic 
nuclear  condensation  reported  previously,  (28)  confirms  that  cytotoxicity 
caused  by  6-lap  is  primarily  apoptotic  and  not  due  to  necrosis. 

The  global  cysteine  protease  inhibitors,  iodoacetamide  and  N- 
ethylmaleimide  (7, 42, 43),  were  then  used  to  determine  if  a  cysteine  protease 
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was  responsible  for  the  formation  of  atypical  PARP  cleavage  fragments  in 
MCF-7:WS8  cells  (Figs.  3  and  5).  MCF-7:WS8  cells  were  treated  with  5  pM 
6-lap  in  medium  with  or  without  10  pM  iodoacetamide  or  10  pM  N- 
ethylmaleimide  (Fig.  7).  Cleavage  of  PARP  was  prevented  by  both 
inhibitors,  but  was  not  inhibited  by  the  caspase  inhibitors,  zVAD-fmk  or 
DEVD-fmk,  suggesting  that  a  non-caspase,  cysteine  protease  was  primarily 
responsible  for  the  atypical  PARP  cleavage  observed  after  6-lap  treatment. 
Administration  of  N-ethylmaleimide  caused  a  mobility  shift  of  full  length 
PARP  band,  possibly  due  to  methylation  of  cysteine  and  methionine  groups 
in  the  protein  (42).  Neither  iodoacetamide  nor  N-ethylmaleimide  prevented 
6-lap  mediated  apoptosis  in  MCF-7:WS8  cells. 

Simultaneous  Cleavage  of  PARP  and  p53.  The  inhibition  of  PARP 
cleavage  by  the  cysteine  alkylating  agents  suggested  that  a  non-caspase 
cysteine  protease  may  be  responsible  for  the  atypical  PARP  cleavage 
observed  in  cells  after  treatment  with  6-lap.  One  protease  which  may  fit  the 
data  presented  in  Figs  1-6  could  be  the  neutral  calcium-dependent  protease, 
calpain  (9).  Calpain  has  a  wide  substrate  specificity  and  has  been  shown  to 
specifically  cleave  p53  during  apoptosis  (44, 45).  We  previously  noted  a  loss 
of  basal  p53  expression  in  MCF-7:WS8  cells  after  6-lap  treatment.  We 
treated  MCF-7:WS8  cells  with  a  4  h  pulse  of  5  pM  6-lap  and  isolated  whole 
cell  extracts  at  various  times,  up  to  28  h  after  drug  exposure.  Extracts  were 
probed  for  PARP  and  subsequently  stripped  and  reprobed  for  p53  steady 
state  expression.  As  expected,  PARP  cleavage  was  observed  by  8  h  after 
drug  administration.  Importantly,  cleavage  of  p53,  giving  rise  to  an  ~40  kDa 
fragment  was  concomitantly  observed  with  PARP  cleavage.  This  cleavage 
pattern  resembles  that  observed  by  Pariat  et.  al  (45)  and  Kubbutat  et,  al  (44) 
which  was  the  result  of  calpain  activation. 
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Since  calpain  activity  is  dependent  upon  changes  in  Ca^^  homeostasis, 
we  utilized  the  calcium  chelators,  EDTA  and  EGTA,  to  determine  if 
removal  of  extracellular  calcium  influenced  the  appearance  of  atypical 
PARP  cleavage  in  MCF-7:WS8  cells  after  B-lap  treatment.  MCF-7:WS8 
cells  were  pretreated  with  0.25,  1.0  or  3.0  mM  EGTA  or  EDTA  in  complete 
media  for  30  minutes.  After  treatment,  medium  containing  8  |iM  B-lap  or 
DMSO  (control  medium),  including  the  corresponding  concentration  of 
EDTA  or  EGTA  used  in  the  pre-treatment,  was  added  for  an  additional  4  h. 
All  cells  were  then  treated  with  medium  alone  containing  EGTA  or  EDTA 
for  an  additional  20  h.  Whole  cell  extracts  were  then  prepared  and  analyzed 
for  PARP  and  p53  cleavage  fragments.  Both  EDTA  and  EGTA  showed  a 
dose-dependent  inhibition  of  B-lap-mediated  atypical  PARP  cleavage  in 
MCF-7:WS8  cells  (Fig.  8B).  These  data  suggest  that  extracellular  calcium  is 
a  necessary  component  for  B-lap-mediated  atypical  PARP  cleavage,  an 
attribute  consistent  with  activation  of  a  calcium-dependent,  non-caspase 
cysteine  protease,  such  as  calpain. 

Loss  of  Hypophosphorylated  pRb  and  Apoptosis  Induced  by  B-Lap  is 
Independent  of  Cell  Cycle  Status.  To  investigate  the  effects  of  cell  cycle 
position  on  B-lap-induced  accumulation  of  hypophosphorylated  pRb  and 
apoptosis,  estrogen-dependent  MCF-7:WS8  cells  were  cultured  in  estrogen- 
free  medium  for  six  days  as  described  in  ‘Experimental  Procedures’.  To 
ensure  a  complete  estrogen  block,  the  pure  antiestrogen,  ICI  182,780  (1  nM) 
(46, 47),  was  added  to  cells  growing  in  estrogen-free  medium  two  days  prior 
to  the  beginning  of  each  experiment.  Increases  in  Gj  cells  (up  to  85%)  were 
noted,  as  described  (48).  Arrested  cells  were  compared  to  MCF-7:WS8  cells 
that  were  subsequently  restimulated  to  enter  the  cell  cycle  by  addition  of  10 
nM  Ej  at  the  time  of  B-lap  or  TPT  exposure  (i.e.,  a  4  h  pulse  of  either  8  pM 
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6-lap  or  5  pM  TFT).  Drugs  were  administered  as  short  pulse  treatments  in 
order  to  determine  if  the  rapid  accumulation  of  hypophosphorylated  pRb 
could  be  reversed  after  removal  of  6-lap  or  TPT.  When  used,  ICI  or  Ej  was 
maintained  in  the  medium. 

MCF-7:WS8  cells  treated  with  6-lap  showed  a  dramatic  loss  of 
phosphorylated  pRb  within  6  h  (compare  lanes  3  and  4,  Fig.  9),  followed  by 
general  loss  of  the  protein  by  18-30  h  after  treatment  (see  lanes  10,  13,  16 
and  19,  Fig.  9);  these  date  are  consistent  with  earlier  findings  (28).  A  similar 
loss  of  phosphorylated  pRb  was  noted  in  MCF-7:WS8  cells  after  5  pM  TPT; 
however,  significant  accumulation  of  hypophosphorylated  pRb  was  not 
observed  until  12  h  after  treatment  (not  shown),  and  complete  loss  was  not 
noted  until  18  h  posttreatment  (Fig.  9).  In  control  cells,  stimulation  of 
arrested  cells  with  estradiol  led  to  an  increase  in  the  relative  level  of 
hyperphosphorylated  pRb  [by  6  to  30  h]  compared  to  estrogen-deprived 
and/or  ICI-treated  cells  (compare  hypophosphorylated  retinoblastoma 
protein  (pRb)  to  hyperphosphorylated  retinoblastoma  protein  (pRb-pp) 
levels  in  lanes  6,  9  and  12  to  lane  3,  Fig.  9).  The  change  in  phosphorylation 
status  of  pRb  was  accompanied  by  a  dramatic  increase  in  the  proportion  of 
cells  in  S  phase  by  18  h  after  E2  stimulation  (43%  S  phase  with  Ej,  10%  S 
phase  without  Ej,  compare  lanes  12  and  9,  Fig.  9).  The  difference  in 
phosphorylation  status  of  pRb  and  the  proportion  of  cells  in  S  phase  was  less 
pronounced  by  30  h,  since  Ej-stimulated  MCF-7:WS8  cells  became  less 
synchronous.  In  both  the  E2-  and  ICI-treated  groups,  6-lap  exposure  led  to  a 
complete  loss  of  hyperphosphorylated  pRb  followed  by  an  overall  loss  of  all 
forms  of  pRb.  Since  estrogen-deprivation  can  cause  an  arrest  in  the  cell 
cycle  ^6  h  from  the  restriction  point  in  MCF-7:WS8  cells  (49-51),  possibly 
past  the  first  cyclin  Dl-cdk2-dependent  phosphorylation  of  pRb,  the  levels 
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of  hyperphosphorylated  pRb  in  estrogen-deprived,  antiestrogen-treated 
MCF-7:WS8  cells  were  rather  high  (Fig.  9),  Estrogen-independent  MDA- 
MB-231  cells,  which  showed  no  change  in  cell  cycle  distribution  following 
estradiol  or  antiestrogen  administration,  also  showed  no  change  in  pRb 
phosphorylation  status  after  B-lap  treatment  (data  not  shown).  In  MCF- 
7:WS8  cells  treated  with  either  6-lap  or  TFT,  PARP  cleavage  (atypical  for  6- 
lap,  classic  for  TPT)  was  not  apparent  until  12-18  h  after  treatment  (Fig.  9 
for  18  h,  and  data  not  shown).  Addition  of  Ej,  or  maintenance  of  MCF- 
7;WS8  cells  in  estrogen-deprived  medium  (including  ICI),  had  no  effect  on 
the  appearance  of  PARP  cleavage  (see  lanes  10,  13,16  and  19  Fig.  9). 

To  evaluate  the  ability  of  6-lap  to  induce  apoptosis  in  cells  arrested  in 
mitosis,  we  utilized  the  mitotic  spindle  inhibitor,  nocodazole  (52).  Log- 
phase  MCF-7:WS8  cells  were  pretreated  with  150  ng/ml  nocodazole  for  18 
h,  which  resulted  in  accumulation  of  >85%  of  cells  in  Gj/M,  as  measured  by 
flow  cytometry  (data  not  shown).  A  4  h  pulse  of  6-lap  (5  pM)  was  then 
added  to  the  nocodazole-blocked  MCF-7:WS8  cells  in  fresh  medium  either 
with  (N)  or  without  nocodazole  (N-C),  which  would  allow  cells  to  re-enter 
the  cell  cycle.  Release  of  mitoticaUy  blocked  cells  led  to  a  drop  from  86% 
Gj/M  to  48%  Gj/M  within  4  h.  An  additional  group  of  log-phase  cells  (C) 
was  also  treated  with  6-lap.  A  portion  of  the  cells  were  harvested 
immediately  (t=0)  to  establish  baseline  values  for  PARP  cleavage  and  cell 
cycle  distribution.  Cells  were  also  harvested  4  h  posttreatment  for  Western 
immunoblot  analyses  (Fig.  10 A,  lanes  3-8).  The  remainder  of  the  cells  were 
fed  with  fresh  medium  containing  nocodazole  alone  (lanes  11  &12)  or  with 
no  drugs  (lanes  9,10,13  &14)  and  harvested  20  h  later  for  Western 
immunoblot  analyses.  Cells  that  were  maintained  in  nocodazole  remained 
arrested  in  mitosis.  By  the  end  of  the  experiment  (20  h  posttreatment),  >90% 
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of  the  nocodazole-treated  MCF-7:WS8  cells  were  arrested  at  G2/M  (data  not 
shown). 

Gj/M  Arrested  Cells  Treated  with  B-lap  Carry  Out  Apoptosis  and 
Atypical  PARP  Cleavage.  Atypical  PARP  cleavage  was  not  observed 
during  the  first  4  h  after  6-lap  treatment.  By  24  h  posttreatment,  however, 
atypical  PARP  cleavage  was  observed  in  all  6-lap-treated  cells,  irrespective 
of  nocodazole  exposure.  These  data  showed  that  cells  arrested  in  mitosis 
were  equally  sensitive  to  apoptosis  caused  by  6-lap  exposure,  and  were  as 
sensitive  as  cells  which  were  predominantly  arrested  in  Gj  (Fig.  9).  As 
observed  with  log-phase  or  G, -arrested  cells,  mitotically  blocked,  6-lap- 
treated  MCF-7:WS8  cells  showed  a  dramatic  accumulation  of 
hypophosphorylated  pRb  in  4  h  after  treatment.  Loss  of  all  forms  of  pRb 
was  then  noted  24  h  posttreatment.  Cells  arrested  in  mitosis  by  nocodazole 
treatment  or  released  into  the  cell  cycle  at  the  time  of  6-lap  exposure  showed 
similar  6-lap-mediated  accumulation  of  hypophosphorylated  pRb,  as 
demonstrated  for  log-phase  cells  treated  with  this  drug  (Fig.  9,  lanes  3  and 
4).  Prolonged  exposure  to  nocodazole  (24  h)  led  to  a  small  but  measurable 
amount  of  apoptosis  as  indicated  by  the  appearance  of  89  kDa  PARP  and 
~100  kDa  pRb  cleavage  fragments  (Fig.  lOA,  compare  control  cells  in  lane  9 
to  nocodazole-treated  cells  in  lane  11).  However,  this  basal  level  of 
apoptosis  represented  a  minor  proportion  of  MCF-7:WS8  cells  compared  to 
the  near  complete  apoptotic  responses  and  atypical  PARP  fragmentation 
seen  after  6-lap  treatment. 

To  further  investigate  the  dephosphorylation  of  pRb  after  either  6-lap 
or  TPT  treatment,  we  utilized  phosphorylation-specific  pRb  antibodies  to 
probe  cell  lysates  from  nocodazole-arrested  or  log-phase  MCF-7:WS8  cells. 
Cells  were  pretreated  for  18  h  with  control  medium  or  medium  containing 
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150  ng/ml  nocodazole,  as  above.  Media  were  then  replaced  with  control  or 
nocodazole  containing  media,  including  either  5  pM  6-lap  or  5  pM  TPT  for 
an  additional  4  h.  We  first  utilized  a  polyclonal  antibody  which  reacted  only 
with  pRb  species  that  were  phosphorylated  on  serine  780  (53).  This  site  is  a 
substrate  for  phosphorylation  by  the  cyclin  Dl/Cdk4  complex,  which  is 
activated  early  in  cell  cycle  progression  from  Gq  to  Gj  (53).  Nocodazole 
treatment  alone  had  little  effect  on  the  level  of  pRb  phosphorylated  at  this 
site  (Fig.  lOB).  However,  6-lap  or  TPT  treatments  alone  led  to  losses  of  this 
form  of  pRb  in  4  h,  regardless  of  whether  log-phase  or  mitotically-arrested 
cells  were  examined  (see  Phos  pRb  signal.  Fig.  lOB).  In  order  to 
demonstrate  that  this  result  was  not  simply  due  to  a  loss  of  pRb  protein,  we 
utilized  a  second  phosphorylation-specific  pRb  antibody  (clone  G99-549), 
which  recognized  only  hypophosphoiylated  forms  of  pRb  (54).  As  shown  in 
Fig.  lOB,  the  signal  generated  from  this  antibody  (UnPhos  pRb)  was 
inversely  proportional  to  the  signal  generated  by  the  antibody  recognizing 
phosphorylated  pRb.  These  results  suggest  that  during  early  times  (up  to  4  h) 
after  6-lap  or  TPT  exposure  there  was  an  accumulation  of 
hypophosphorylated  pRb  at  the  expense  of  hyperphosphorylated  pRb. 

We  (16),  as  well  as  others  (55),  showed  that  MCF-7:WS8  cells  were 
devoid  of  caspase-3,  due  to  a  deletion  in  exon  3.  To  determine  whether 
caspase-3  deficiency  was  responsible  for  atypical  PARP  cleavage,  we 
isolated  an  MCF-7:WS8  clone  that  stably  expressed  full-length  pro-form 
caspase-3  (Gasp  3)  (see  Experimental  Procedures).  A  puromycin  resistant 
clone  expressing  empty  vector  (pbabe)  was  also  analyzed.  PARP,  lamin  B 
and  caspase-3  expression  were  monitored  before  or  24  h  after  6-lap 
treatment  (2-10  pM).  Cells  were  treated  for  4  h  with  2-10  pM  6-lap  and 
harvested  20  h  later.  As  expected.  Gasp  3  cells  expressed  the  32  kDa  pro- 
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form  of  caspase-3,  unlike  MCF-7:WS8  cells  transfected  with  the  vector 
alone  (compare  lanes  1  and  7).  Atypical  PARP  cleavage  was  noted 
following  C-lap  treatment  at  similar  levels  in  both  transfected  cell  lines. 
Classic  lamin  B  cleavage,  presumably  the  result  of  caspase-6  activation  (56, 
57),  was  also  observed.  These  data  suggest  that  expression  of  caspase-3  had 
no  effect  on  apoptotic  cleavage  events  in  MCF-7:WS8  cells  following 
various  doses  of  6-lap.  Interestingly,  loss  of  pro-caspase-3  protein,  in  Casp3 
cells,  mirrored  cleavage  of  both  PARP  and  lamin  B.  Importantly,  the  active 
pi 2  and  p20  fragments  of  caspase-3  were  not  observed  due  to  the  lower 
affinity  of  this  antibody  to  the  processed  forms  of  caspase-3.  In  contrast  to  6- 
lap  treatments,  Casp  3  cells  showed  an  increased  rate  of  apoptosis  after 
exposure  to  TNF-a  or  Granzyme  B  compared  to  MCF-7:WS8  cells 
transfected  with  pbabe/puro  alone  (16). 
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DTSCUSSION 


We  previously  showed  that  6-lap  killed  a  variety  of  cells  by  apoptosis. 
However,  the  mechanisms  of  specific  proteolytic  execution  cascades  that 
were  activated  by  this  compound  remained  unexplored.  6-Lap  induced 
apoptosis  independently  of  p53  status  and  treated  cells  showed  little  changes 
in  cell  cycle  distribution  (22, 28).  In  MCF-7:WS8  cells,  the  lethal  effects  of  6- 
lap  were  accounted  for  solely  by  apoptosis.  In  this  study,  we  expanded  our 
investigations  to  include  a  battery  of  breast  cancer  cell  lines  which  have 
significant  phenotypic  and  genotypic  differences  (Table  1).  Using  this  array 
of  cell  lines,  we  demonstrated  that  6-lap-mediated  apoptosis  did  not  require 
functional  ER  or  pRb  and  we  confirmed  that  cell  death  was  not  dependent  on 
wild  type  p53. 

Our  previous  studies  could  not  discern  a  G/S  phase-specific  apoptotic 
mechanism  which  appeared  to  be  induced  following  6-lap  exposure.  We 
utilized  the  estrogen-dependent  Gj  arrest  characteristics  of  MCF-7:WS8  and 
T47D:A18  cells  (~80%  growth  inhibition  in  E2-deprived,  compared  to  log- 
phase  cells)  to  show  that  both  cell  lines  were  equally  sensitive  to  6-lap  or 
TFT,  irrespective  of  their  progression  through  the  cell  cycle  (Fig.  2).  When 
arrested  cells  were  treated  with  either  6-lap  or  TFT,  the  relative  cytotoxicity 
was  identical  to  log-phase  cells.  This  result,  especially  with  TFT,  is  in 
apparent  conflict  with  the  current  paradigm  for  the  mechanism  of  action  of 
Topo  I  poisons,  which  suggested  that  the  primary  lethal  event  was  the 
creation  of  DNA  double  strand  breaks  following  movement  of  the 
replication  fork  through  the  "cleavable  complex".  This  mechanism  has  been 
used  to  describe  the  S-phase  specific  killing  of  cancer  cells  by  TFT.  Morris 
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and  Geller  (58)  also  showed  that  CPT  could  induce  apoptosis  in  postmitotic 
rat  cortical  neurons.  Our  data  indicate  that  DNA  synthesis  may  not  be 
required  for  lethality  or  the  stimulation  of  apoptosis  in  Gj -arrested  breast 
cancer  cells  by  high  dose  TFT.  These  data  suggest  that  DNA-Topo  I  lesions 
caused  by  high  dose  TPT  treatment  may  activate  a  nuclear  signal  (possibly 
originating  from  inhibited  transcription)  that  triggers  pRb  dephosphorylation 
(see  below)  and  downstream  apoptotic  reactions.  Taken  together,  these 
results  demonstrate  that  while  actively  growing  cells  may  be  killed  more 
efficiently  in  some  systems,  arrested  cells  may  also  be  sensitive  to  the  toxic 
(i.e.,  apoptotic)  effects  of  Topo  I  poisons.  In  comparison  with  6-lap,  CPT 
was  a  less  effective  inducer  of  apoptosis;  stimulating  apoptotic  reactions 
only  at  concentrations  20-  to  100-fold  over  its  IC50.  6-Lap  killed  cells  by 
apoptosis  at  concentrations  near  its  IC50 ,  as  previously  reported  (28). 

TPT-lnduced  Caspase  Pathways-  The  initiation  pathways  leading  to 

caspase  activation  following  treatment  with  cytotoxic  agents,  such  as  the 
Topo  I  poisons,  are  not  well  understood.  While  certain  aspects  of  the  death 
pathway  are  common  among  many  agents,  such  as  loss  of  mitochondrial 
membrane  potential  and  release  of  cytochrome  c  from  the  mitochondrial 
membrane,  the  upstream  activators  of  these  processes  are  not  well 
characterized.  Additionally,  the  relative  expression  of  caspase  family 
members  varies  in  a  cell  type-dependent  manner.  For  example,  MCF-7:WS8 
cells  do  not  express  measurable  caspases-3  or  -10a  ((59),  Fig.  11  and  data  not 
shown).  The  lack  of  the  initiator  caspase- 10a  may  not  significantly 
influence  apoptosis  following  Topo  I  poisons  due  to  redundancy  in  the 
initiation  pathway  within  the  cell.  However,  the  lack  of  a  key  executioner, 
such  as  caspase-3,  may  adversely  affect  apoptotic  proteolysis.  Interestingly, 
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MCF-7:WS8  cells  treated  with  TFT  showed  a  similar  level  of  apoptosis  (by 
morphology  changes)  and  classic  PARP  cleavage  as  T47D:A18  and  MDA- 
MB-468  cells  (which  both  express  caspase  3).  The  apoptotic  cleavage 
reactions  in  all  breast  cancer  cell  lines  induced  by  TPT  were  blocked  by 
addition  of  caspase  inhibitors,  zVAD-fmk  or  DEVD-fmk.  These  data 
suggest  that  TPT  treatment  leads  to  the  initiation  of  the  well  described 
caspase  pathway  that  culminates  in  the  activation  of  caspases-3  and/or  -7. 
Since  classic  PARP  cleavage  in  caspase-3-deficient  MCF-7:WS8  cells 
occurred  after  TPT  treatment,  we  suggest  that  caspase-7  was  activated.  This 
is  also  supported  by  the  fact  that  introduction  of  caspase-3  into  MCF-7:WS8 
cells  did  not  influence  the  lethality  or  apoptotic  responses  caused  by  TPT. 
Therefore,  our  data  suggest  that  TPT  can  stimulate  a  direct  caspase-7 
mediated  death  pathway  in  breast  cancer  cells. 

ft-Lap  Induces  a  Novel  Apoptotic  Protease*  Exposure  to  6-lap  gave  rise  to 

an  unique  pattern  of  proteolysis.  At  lower  doses,  6-lap  treatment  caused 
classic  PARP  cleavage  in  all  cell  lines,  except  MDA-MB-231.  At  higher 
doses,  an  ~60  kDa  "atypical"  PARP  fragment  was  observed.  The  dose  range 
over  which  this  novel  fragment  appeared  was  quite  sharp  and  correlated  well 
with  the  notably  sharp  growth  inhibition  responses  noted  in  Figs.  1  and  2 
and  previously  described  cytotoxicity  (28).  Atypical  PARP  fragmentation 
was  not  simply  the  result  of  supralethal  drug  exposure,  since  cells  treated 
with  TPT  at  doses  200-fold  greater  than  the  IC50  of  the  drug  did  not  show  the 
same  atypical  cleavage  pattern.  Doses  of  6-lap  necessary  to  induce  atypical 
PARP  cleavage  were  generally  less  than  5-fold  over  the  IC50  for  6-lap, 
depending  upon  the  cell  line  examined  and  the  method  of  treatment  (i.e. 
continuous  exposure  or  4  h  pulse).  The  lack  of  observable  atypical  PARP 
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cleavage  at  the  IC50  dose  is  likely  due  to  a  relatively  modest,  but  constant 
loss  of  cells  through  apoptosis  that  does  not  result  in  the  accumulation  of 
enough  cells  containing  cleaved  PARP  to  be  observed  in  Western  analyses. 

Previous  reports  have  shown  cleavage  of  PARP  during  necrosis, 
giving  rise  to  a  50  kDa  fragment  (60).  However,  the  atypical  PARP  fragment 
observed  in  6-lap  treated  cells  was  ~60  kDa  (Fig.  4).  The  demonstration  of 
nuclear  condensation,  appearance  of  sub-Go/Gj  cells  (28),  >90%  TUNEL 
positive  cells  (Fig.  6)  and  inhibition  of  apoptosis  by  EDTA  and  EGTA  (Fig. 
8B)  leaves  little  doubt  that  this  response  was  apoptotic.  Interestingly,  in  6- 
lap-treated  cells,  we  have  noted  some  unique  characteristics  that  do  not  fit 
the  “classic”  definition  of  apoptosis.  Further  study  of  the  action  of  this  novel 
apoptosis-inducing  agent  may  allow  for  elucidation  of  cell  death  processes 
which  contain  characteristics  of  apoptotic  as  well  as  necrotic  proteolytic 
cascades.  This  agent  may  induce  a  heretofore  uncharacterized  apoptotic 
pathway  that  may  be  exploited  for  improved  treatment  of  breast  cancer.  For 
example,  this  agent  may  be  useful  for  treatment  of  breast  cancer  which  has 
lost  classic  caspase-mediated  apoptotic  responses. 

Atypical  PARP  cleavage  observed  in  MCF-7:WS8  and  MDA-MB- 
468  cells  was  not  likely  the  result  of  caspase,  Granzyme  B,  Cathepsins  B  or 
L,  trypsin  or  chymotrypsin-like  proteases,  (see  Fig.  5)  (38).  However,  the 
classic  cleavage  pattern  observed  in  T47D:A18  cells  after  low  level  6-lap 
exposures  was  prevented  by  25  pM  zVAD-fmk,  a  general  caspase  inhibitor. 
Classic  PARP  cleavage  induced  by  low  dose  6-lap  exposure  was  unaffected 
by  other  protease  inhibitors,  suggesting  that  a  member  of  the  caspase  family 
(probably  caspase  7)  was  responsible  for  apoptotic  proteolysis  in  T47D:A18 
cells.  At  higher  doses  of  6-lap,  T47D:A18  cells  responded  like  MCF-7:WS8 
cells,  undergoing  apoptosis  and  atypical  PARP  cleavage.  Lack  of  inhibition 
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of  atypical  PARP  cleavage  by  zVAD-fmk  in  MCF-7:WS8  cells  treated  with 
6-lap,  strongly  suggests  that  activation  of  the  caspase  pathway  was  not 
necessary  for  atypical  PARP  cleavage. 

In  6-lap-treated  MCF-7:WS8  cells,  atypical  PARP  fragmentation  was 
blocked  by  iodoacetamide  or  N-ethylmaleimide,  both  cysteine  alkylating 
agents  (Fig.  7).  Additionally,  atypical  PARP  cleavage  was  not  inhibited  by  a 
battery  of  inhibitors  (Fig.  5),  each  used  at  previously  determined  effective 
doses.  These  data  suggest  that  atypical  fragmentation  of  PARP  in  vivo  was 
due  to  the  activation  of  a  cysteine  protease  which  is  apparently  not  a  member 
of  the  caspase  family  of  proteases.  However,  the  non-specific  reactivity  of 
iodoacetamide  and  N-ethylmaleimide  does  allow  the  possibility  that  the 
unknown  protease  may  be  indirectly  activated  after  6-lap  treatment  by  a 
factor  which  contains  critical  -SH  groups.  One  protease  which  fits  the 
available  data  could  be  the  neutral  calcium-dependent  protease,  calpain.  This 
possibility  is  further  supported  by  the  fact  that  p53  was  cleaved  in  6-lap- 
treated  MCF-7:WS8  cells,  giving  rise  to  fragments  (Fig.  8A)  which  match 
those  previously  described  as  being  the  result  of  calpain  activity  (44,  45). 
Furthermore,  the  time  course  of  p53  cleavage  was  concomitant  with  the 
appearance  of  atypically  cleaved  PARP.  Additionally,  we  provide  evidence 
showing  that  the  apparent  cysteine  protease  is  Ca^^  dependent,  since  it’s 
activity  (as  measured  by  atypical  PARP  or  p53  cleavage)  was  prevented  by 
co-administration  of  EDTA  or  EGTA  (Fig  8B  and  data  not  shown).  While 
these  findings  do  not  conclusively  prove  that  calpain  is  responsible  for  this 
cleavage,  they  are  suggestive.  Our  laboratory  is  currently  in  the  process  of 
definitively  identifying  the  protease  responsible  for  this  cleavage  of  PARP. 

Cleavage  of  Spl  and  pRb  by  the  Novel  Apoptotic  Protease.  6- 
Lap  treatment  led  to  an  overall  decrease  in  Spl  protein  level  in  MCF-7:WS8 
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and  MDA-MB-468  cells,  however,  no  distinct  cleavage  fragments  were 
observed.  In  contrast,  B-lap-treated  T47D:A18  cells  clearly  showed  a  ~68 
kDa  Spl  cleavage  fragment  as  described  (2)  This  Spl  cleavage  which  was 
prevented  by  zVAD-fmk,  suggesting  caspase  activation.  These  data  suggest 
that  the  protease  activated  in  6-lap-treated  MCF-7:WS8  or  MDA-MB-468 
cells  caused  a  novel  form  of  Spl  proteolysis  that  does  not  result  in  the 
accumulation  of  fragments  (such  as  the  ~68  kDa  fragment  observed  in  the 
T47D:A18  cell  lysate)  recognized  by  the  Spl  antibody.  Chronic  low-dose  6- 
lap  exposure  can  activate  a  novel  caspase-independent  apoptotic  proteolytic 
cascade  in  MCF-7:WS8  and  MDA-MB-468  cells.  The  same  pathway  can  be 
activated  in  T47D:A18  cells  at  higher  doses  of  6-lap.  This  protease  is  present 
in  many  breast  cancer  cells,  with  the  possible  exception  of  the  MDA-MB- 
231  cells,  which  showed  no  atypical  PARP  cleavage  at  any  dose  of  6-lap.  It 
is  important  to  note  that  the  caspase-mediated  apoptotic  pathway  can  also  be 
activated  following  6-lap  exposure  in  a  cell  line  and  dose-dependent  manner. 

The  loss  of  hyperphosphorylated  pRb  was  one  of  the  earliest 
detectable  in  vivo  changes  after  6-lap  exposure  (Figs  9  &  10,  ref  (22,  28)). 
pRb  is  a  critical  cell  cycle  regulator  whose  activity  is  primarily  controlled  by 
specific  phosphorylation  events  (20).  Using  phosphorylation-specific 
antibodies,  we  demonstrated  a  complete  loss  of  phosphorylated  forms  of 
pRb  by  4  h  in  6-lap-treated  MCF-7:WS8  cells  (see  Fig.  lOB).  Accumulation 
of  hypophosphorylated  pRb  after  6-lap  treatment  was  observed  regardless 
of  cell  cycle  status  (i.e.  estrogen-deprived  Gj  arrest,  or  nocodazole-mediated 
G2/M  arrest)  at  the  time  of  drug  exposure  and  accumulation  of  cells  in  Gj 
was  not  observed  (28).  Rather,  the  dramatic  alteration  in  pRb  status  after  6- 
lap  exposure  appears  to  explain  how  this  drug  can  halt  cells  in  any  phase  of 
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the  cell  cycle  and  elicits  an  apoptotic  response,  a  mechanism  previously 
proposed  by  our  laboratory  (28). 

The  loss  of  pRb  in  MCF-7:WS8  cells  at  >10  h  following  B-lap 
exposure  was  very  dramatic  and  differed  greatly  from  the  pattern  observed 
in  T47D:A18  cells.  Dephosphorylation  of  pRb  in  B-lap-treated  T47D:A18 
cells  was  unaffected  by  administration  of  the  caspase  inhibitor,  zVAD-fmk. 
However,  caspase-mediated  c-terminal  cleavage  of  pRb  (4)  was  observed 
and  was  blocked  by  zVAD-fmk.  In  MCF-7;WS8  cells,  protease  inhibitors 
had  no  effect  on  the  loss  of  pRb,  consistent  with  the  lack  of  inhibition  of 
atypical  PARP  cleavage.  Extended  exposure  of  the  blots  shown  in  Fig.  5 
revealed  minor  ~40  and  60  kDa  cleavage  fragments  (data  not  shown),  which 
were  consistent  with  those  described  by  An  et  al.  (5). 

Neither  6-lap  nor  TPT  appeared  to  kill  breast  cancer  cells  in  a  cell 
cycle  regulated  fashion,  as  suggested  by  studies  using  nocodazole,  a 
microtubule  poison.  Atypical  PARP  cleavage  occurred  simultaneously  with 
the  overall  loss  of  pRb,  in  nocodazole-treated  cells.  Experiments  with  TPT 
showed  a  more  modest  dephosphorylation  of  pRb  which  was  followed  by 
the  activation  of  the  classic  caspase-mediated  pathway. 

The  use  of  caspase-3  expressing  MCF-7:WS8  cells  demonstrated  that 
re-expression  of  caspase-3  did  not  lead  to  enhanced  apoptosis  or  appearance 
of  the  caspase-mediated  89  kDa  PARP  fragmentation  after  6-lap  exposure. 
In  contrast,  other  studies  have  demonstrated  enhanced  apoptotic  reactions  in 
caspase-3  expressing  MCF-7:WS8  cells  after  Granzyme  B  or  TNF- 
a  treatments,  compared  to  cells  infected  with  the  empty  vector  (16). 

While  6-lap  treatment  of  MCF-7:WS8  cells  appeared  to  activate  a 
novel  apoptotic  pathway,  classic  lamin  B  cleavage,  (primarily  due  to  the 
activation  of  caspase-6)  was  also  observed  ((28,  56)  &  Fig.  11).  While 
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caspase-6  is  thought  to  be  activated  directly  by  caspase-3  (61,  62),  our  data 
suggest  that  either  a  distinct  upstream  protease  can  activate  caspase-6  after 
B-lap  treatment,  or  that  an  unknown,  B-lap  activated  protease  can  directly 
cleave  lamin  B,  giving  rise  to  fragments  of  similar  size  to  those  observed 
after  caspase  6  cleavage.  Our  data  suggest  that  once  the  apoptotic  protease  is 
activated,  it  dominates  proteolysis  in  B-lap-treated  MCF-7:WS8  cells,  since 
visible  classic  PARP  cleavage  fragments  were  not  observed.  Interestingly, 
overexpression  of  caspase-3  in  MCF-7:WS8  cells  did  not  affect  B-lap 
cytotoxicity,  while  increasing  sensitivity  to  granzyme  B  or  TNF-a  (16). 

Our  studies  demonstrate  that  B-lap  can  induce  at  least  two  independent 
apoptotic  pathways  in  breast  cancer  cells.  The  apoptotic  response  seems  to 
be  independent  of  the  reported  in  vitro  poisoning  of  Topo  Ila  by  B-lap  (29), 
since  Gj  arrested  cells  (which  contain  very  low  Topo  Ila  enzyme  activity) 
were  as  effectively  killed  by  B-lap  as  log-phase  or  Gj/M  arrested  cells 
(which  express  high  levels  of  Topo  Ila  enzyme  activity).  Furthermore,  the  in 
vivo  pathway  activated  by  B-lap  leading  to  apoptosis  may  also  be 
independent  of  the  Topo  I  inhibition  observed  in  vitro.  In  some  cells,  B-lap 
mediates  typical  caspase  activation,  leading  to  the  formation  of  the  classic 
89  kDa  PARP  cleavage  fragment  in  vivo  (63).  In  other  cells  (specifically, 
MCF-7:WS8),  B-lap  activates  a  novel  calcium-dependent,  non-caspase 
cysteine  protease.  Interestingly,  activation  of  this  novel  pathway  of  apoptosis 
(which  may  also  result  in  mid-protein  cleavage  of  pRb)  eventually  occurred 
in  all  breast  cancer  cells,  except  the  inherently  resistant  MDA-MB-231  cells. 
Our  data  suggest  that  activation  of  this  protease  may  explain  the  two  pRb 
cleavage  fragments  previously  described.  In  T47D:A18  cells,  low  dose  B-lap 
can  induce  C-terminal  pRb  cleavage,  but  at  higher  doses  B-lap  causes  the 
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activation  of  calpain,  which  appears  to  cleave  pRb  resulting  in  the 
generation  of  an  unstable  polypeptide.  An  interesting  profile  of  sensitivity  of 
breast  cancer  cells  to  6-lap  was  observed.  Sensitivity  to  this  agent  was  very 
different  from  the  cytotoxic  responses  observed  following  TFT  treatment. 
The  reasons  for  the  resistance  of  MDA-MB-231  cells  to  most  apoptotic 
inducing  agents  remain  unknown,  but  are  being  explored  by  our  laboratory. 
In  MCF-7:WS8  cells,  the  primary  proteolytic  events,  which  correlate 
directly  with  apoptosis  induction  and  loss  of  survival,  appear  to  be  the  result 
of  this  novel  calcium-dependent  non-caspase  protease.  Activation  of  this 
protease  was  not  affected  by  inhibitors  of  a  variety  of  proteases,  most 
importantly  the  caspase  inhibitors  zVAD-fmk  and  DEVD-fmk.  We 
hypothesize  that  this  calcium-dependent,  non-caspase  cysteine  protease  is 
calpain.  When  this  protease  is  activated,  its  novel  apoptotic  pathway  may  be 
a  specific  target  for  manipulation  in  the  clinical  treatment  of  breast  cancer. 
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Figure  Legends 


FIG.  1.  Sensitivities  of  breast  cancer  cells  to  B-lap  or  TPT.  Cells  were 
seeded  into  96- well  tissue  culture  plates  (1.5  X  10^  cells/well)  and  allowed 
to  attach  overnight.  Drugs  were  then  added  and  cells  were  allowed  to  grow 
for  an  additional  48  h,  as  described  in  Experimental  Procedures.  Cell 
number  was  assessed  using  Hoechst  33258  fluorescence  and  relative  growth 
inhibition  (Relative  Growth  T/C)  was  calculated.  Shown  are  toxicides  for 
MCF-7:WS8  (■  MDA-MB-231  (-O-),  T47D:A18  (“•—),  and 

MDA-MB-468  (---A---)  cell  lines  exposed  to  various  concentrations  of  B-lap 
(6-Lap)  or  topotecan  (TPT).  Data  shown  is  representative  of  at  least  two 
experiments  expressed  as  mean  +  SEM  of  at  least  four  replicate  wells. 

FIG.  2.  15-Lap-  or  TPT-mediated  cytotoxicity  of  Gj  arrested  cells.  MCF- 
7:WS8  and  T47D:A18  estrogen-dependent  cell  lines  were  grown  for  six 
days  in  estrogen-depleted,  phenol  red-free  medium  and  exposed  to  varying 
concentrations  of  6-lap  or  TPT  for  6  days,  as  indicated.  Drugs  were  included 
in  RPMI  1640  medium  containing  estrogen-deprived  calf  serum  (Control, 
— ■ — ),  estrogen-replenished,  stripped  calf  serum  (10  nM  176-estradiol,  Ej, 
"♦ — ),  whole  serum  alone  (■■■V-*)  or  whole  serum  treated  with  the 
antiestrogens,  4-hydroxy  tamoxifen  (100  nM  4-OHT,  -  “-O'")  or  ICI  182,780 
(100  nM  ICI  182,780,  "“■©■■‘).  Cell  number  was  then  assessed  after  6  days 
using  DNA  content  as  in  Fig.  1.  Relative  cell  growth  of  treatment  was 
determined  using  the  DNA  content  of  cells  grown  in  comparable  medium 
without  6-lap  or  TPT.  Data  shown  are  representative  of  at  least  two 
experiments  expressed  as  mean  +  SEM  of  at  least  four  replicate  wells. 
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FIG.  3.  Atypical  and  classic  PARP  cleavage  in  breast  cancer  cells 
following  b-lap  exposure.  Breast  cancer  cell  lines  were  treated  with  6-lap 
(5-10  pM)  for  48  h  and  whole  cell  lysates  prepared  at  various  times 
posttreatment  from  pooled  (attached  and  floating)  cells  and  assessed  for 
cleavage  of  PARP  using  standard  Western  immunoblot  procedures  and  the 
C-2-10  monoclonal  PARP  antibody,  described  in  “Experimental 
Procedures”.  An  unknown  ~80  kDa  cross-reacting  protein  was  present  in 
MCF-7:WS8  lysates  as  indicated  by  an  (*).  The  Western  blot  shown  is 

representative  of  at  least  three  separate  experiments. 

FIG.  4.  Caspase-mediated,  classical  PARP  cleavage  in  breast  cancer 
cells  following  TPT  treatment.  Log-phase  breast  cancer  cells  were  treated 
with  10  nM  to  10  pM  TPT  for  48  h.  Three  doses  of  TPT  (50,  500  and  5,000 
nM,  lanes  10-12  and  22-24  top  and  bottom)  also  included  the  caspase 
inhibitor,  zVAD-fmk  (25  pM).  An  unknown  ~80  kDa  cross-reacting  protein 
is  present  in  MCF-7:WS8  lysates  as  indicated  by  an  (*).  Cells  were  then 

harvested  and  analyzed  by  Western  immunoblotting  using  the  C-2-10 
monoclonal  PARP  antibody  as  described  in  Fig.  3. 

FIG  5.  Effect  of  global  or  specific  cleavage  site  protease  inhibitors  on  6- 
lap-mediated  atypical  PARP  cleavage.  Log-phase  breast  cancer  cells  were 
grown  for  48  h  in  RPMI  medium  alone  or  in  medium  containing  8  pM  6-lap. 
Protease  inhibitors  were  co-administered  with  6-lap.  The  protease  inhibitors 
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used  were:  25  |iM  zVAD-fmk  (a  caspase  family  inhibitor),  25  pM  zAAD- 
fmk  (an  inhibitor  of  Granzyme  B),  25  pM  zFA-fmk  (an  inhibitor  of 
Cathepsins  B  and  L),  1.0  pM  TPCK  (a  trypsin  inhibitor)  or  10  pM  TLCK  (a 
chymotrypsin  inhibitor).  Control  cells  received  RPMI  medium  alone  (lanes 
1  and  13)  or  RPMI  medium  containing  8  pM  B-lap  (lanes  7  and  19).  Whole 
cell  extracts  were  then  analyzed  by  western  immunoblotting  as  described  in 
‘Experimental  Procedures’  for  PARP  cleavage,  pRb  dephosphorylation  and 
cleavage,  and  cleavage  of  the  Spl  transcription  factor  by  repeated  probing  of 
the  same  blots.  The  Western  blot  shown  is  representative  of  at  least  three 
separate  experiments. 

FIG  6.  B-Lapachone  induced  DNA  fragmentation.  MCF-7:WS8  cells 
were  treated  with  8  pM  B-lap  for  4  h  and  harvested  20  h  later.  Cells  were 
analyzed  for  DNA  fragmentation  using  the  TUNEL  assay.  Cells  which  have 
significant  DNA  fragmentation  incorporate  FITC-dUTP  and  are  shown 
above  the  line  in  both  panels.  Shown  is  a  representative  example  of 
experiments  repeated  at  least  three  times, 

FIG  7,  15-Lap-induced  atypical  PARP  cleavage  was  inhibited  by  the 
global  cysteine  protease  inhibitors,  iodoacetamide  and  N- 
ethylmaleimide.  Cells  were  seeded  into  10  cm  dishes  and  allowed  to  attach 
overnight.  The  following  day,  media  ±  B-lap  were  added  to  each  dish. 
Duplicate  plates  also  contained  either  10  mM  Iodoacetamide  (I)  or  10  mM 
N-ethylmaleimide  (N).  Four  hours  after  drug  addition,  drug-containing 
media  were  removed  and  fresh  media  without  B-lap  were  added.  At  the  time 
of  B-lap  removal,  Iodoacetamide  or  N-ethylmaleimide  were  included  in  the 
media  for  the  remainder  of  the  experiment.  Cells  were  grown  for  an 
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additional  20  h  at  which  time  whole  cell  lysates  were  prepared  and  analyzed 
in  a  western  immunoblot  with  anti-PARP  antibody. 

FIG  8.  Implication  of  calpain  in  atypical  PART  cleavage.  A:  MCF-7:WS8 
cells  were  treated  with  5  pM  6-lap  for  4  h  and  whole  cell  extracts  were 
prepared  20  h  later.  Western  blots  were  probed  with  anti-PARP  antibody, 
then  stripped  and  reprobed  with  anti-p53  antibody.  B:  MCF-7:WS8  cells 
were  pretreated  for  30  min  with  the  designated  concentrations  of  EDTA  or 
EGTA  in  complete  medium.  Medium  containing  8  pM  6-lap  was  then  added 
for  4  h  in  the  continued  presence  of  EDTA  or  EGTA.  After  6-lap  exposure 
cells  were  treated  with  medium  containing  only  the  designated 
concentrations  of  EDTA  or  EGTA  for  an  additional  20  h.  Whole  cell 
extracts  were  prepared  and  probed  for  PARP  as  described  above.  The  blots 
shown  are  representative  of  at  least  two  independent  experiments. 

FIG  9.  Effect  of  B-lap  or  TPT  ,on  logarithmically  growing  or 
antiestrogen-arrested  MCF-7:WS8  cells.  MCF-7:WS8  cells  were 
estrogen-deprived  for  six  days  prior  to  seeding  in  estrogen-deprived  medium 
containing  10  nM  ICI  182,780  to  assure  complete  blockage  of  estrogen- 
stimulated  growth.  Cells  were  then  treated  with:  no  drug  (C);  5  pM  6-lap 
(6);  or  5  pM  TPT  (T);  in  estrogen-free  RPMI  media  supplemented  with 
either  100  nM  ICI  (I)  or  10  nM  E2  (Ej).  Whole  cell  extracts  were  prepared 
24  h  later,  as  described  above  and  changes  in  cell  cycle  distribution 
monitored  by  flow  cytometry  as  described  in  ‘Experimental  Procedures’. 
For  Western  analyses,  immunoblots  were  first  probed  with  the  C-2-10  anti- 
PARP  monoclonal  antibody,  then  stripped  and  reprobed  with  an  anti-pRb 
monoclonal  antibody  which  detected  all  forms  of  pRb.  For  controls,  log- 
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phase  MCF-7:WS8  cells  were  grown  continuously  in  medium  containing 
whole  serum  (WS)  or  in  medium  containing  estrogen-deprived  serum  (SS, 
for  stripped  serum)  as  described  in  ‘Experimental  Procedures’.  Shown  are 
three  separate  forms  of  the  pRb  protein:  (a)  pRb-pp  =  hyperphosphorylated 
pRb;  (b)  pRb  =  hypophosphorylated  (nonphosphorylated)  pRb;  and  (c)  the 
cleaved  form  of  pRb,  in  which  4  kDa  of  the  C-terminus  has  been  removed 
(Cleaved  pRb).  PARP  protein  forms  included  (a)  the  full-length  PARP 
polypeptide  of  113  kDa;  (b)  a  caspase-mediated  89  kDa  PARP  fragment; 
and  (c)  an  ~60  kDa  atypical  PARP  cleavage  polypeptide,  which  sometimes 
appears  as  a  doublet  at  ~60  kDa.  The  western  blot  shown  was  representative 
of  at  least  three  separate  experiments. 


FIG  10.  B-Lap-induced  apoptosis  and  PARP  cleavage  in  MCF-7:WS8 
cells  arrested  in  M  phase  of  the  cell  cycle.  Cells  were  seeded  into  10  cm 
tissue  culture  dishes  and  allowed  to  attach  overnight.  The  following  day, 
cells  were  treated  for  16  h  with  RPMI  medium  alone  (C)  or  medium 
containing  50  nM  (150  ng/ml)  Nocodazole  (N).  Cells  were  then  treated  with 
RPMI  medium  containing  5  pM  6-lap  or  5  pM  TPT  in  the  presence  of  50 
nM  nocodazole  or  nocodazole-free  medium  (N-C).  The  remaining  dishes 
were  fed  with  fresh  media  without  6-lap  or  TPT,  ±  Nocodazole  and 
harvested  20  h  later.  In  A,  6-lap  treated  cell  extracts  were  examined  in  a 
Western  immunoblot  probed  with  C-2-10  anti-PARP  antibody  or  the  G3- 
245  anti-pRb  antibody.  In  B,  extracts  from  the  same  experiment  were  probed 
with  phosphorylation-specific  anti-pRb  antibodies.  “Phos  pRb”  indicates  the 
location  of  phosphorylated  pRb,  as  detected  by  a  polyclonal  antibody  which 
recognizes  only  pRb  which  has  been  phosphorylated  on  serine  780,  a  Cyclin 
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Dl/cdk4  specific  site  (41).  “UnPhos  pRb”  indicates  the  location  of  fully 
hypophosphorylated  pRb  as  detected  by  a  monoclonal  antibody  which 
recognizes  only  hypophosphorylated  pRb  protein  ,  The  western  blot  shown 
is  representative  of  at  least  three  separate  experiments. 


FIG.  11.  Effect  of  caspase-3  expression  on  B-lap-mediated  proteolysis. 
Caspase-3 -negative  MCF-7:WS8  cells  were  infected  with  a  retroviral 
construct  expressing  full-length  pro-caspase-3  (Casp  3)  or  vector  alone 
(pbabe).  Caspase  3  (full  length  =  32  kDa)  expression  is  shown  in  the  lower 
panel.  Cells  were  then  treated  with  the  designated  concentrations  of  B-lap  for 
4  h,  fresh  medium  was  added  and  whole  cell  extracts  were  prepared  20  h 
later.  Western  immunoblots  were  then  probed  with  the  C-2-10  anti-PARP 
antibody,  stripped  and  reprobed  with  Lamin  B  and  later  with  caspase-3 
antibodies.  The  western  blot  shown  is  representative  of  at  least  three 
separate  experiments. 
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Abstract 


6-Lapachone  activates  a  novel  apoptotic  response  in  a  number  of  cell  lines.  We 
demonstrate  that  the  enzyme,  NAD(P)H:quinone  oxidoreductase  (NQOl),  is  a  key 
determinant  of  6-lapachone  toxicity.  NQOl  expression  directly  correlated  with 
sensitivity  to  a  4  h  pulse  of  6-lapachone  in  a  panel  of  breast  cancer  cell  lines  and 
the  NQOl  inhibitor,  dicoumarol,  significantly  protected  NQOl  expressing  cells 
from  all  aspects  of  6-lapachone  toxicity.  Stable  transfection  of  the  NQOl -deficient 
cell  line,  MDA-MB-468,  with  an  NQOl  expression  plasmid  increased  apoptotic 
responses  and  lethality  after  6-lapachone  exposure.  Dicoumarol  blocked  both  the 
apoptotic  responses  and  lethality.  Biochemical  studies  suggest  that  reduction  of  6- 
lapachone  by  NQOl  leads  to  a  futile  cycling  between  the  quinone  and 
hydroquinone  forms,  with  a  concomitant  loss  of  reduced  NAD(P)H.  Loss  of 
reduced  NAD(P)H  is  speculated  to  cause  the  activation  of  a  novel  cysteine 
protease,  which  has  characteristics  consistent  with  the  neutral  calcium-dependent 
protease,  calpain.  This  is  the  first  definitive  elucidation  of  an  intracellular  target  for 
6-lapachone  in  tumor  cells.  NQOl  could  be  exploited  for  gene  therapy, 
radiotherapy  and/or  chemopreventive  interventions,  since  the  enzyme  is  elevated  in 
a  number  of  tumor  types  (i.e.  breast  and  lung)  and  during  neoplastic 
transformation. 


3 


Introduction 


6-lap\  a  novel  1,2  naphthoquinone,  is  a  potent  cytotoxic  agent  which 
demonstrates  activity  against  various  cancer  cell  lines  (1-3).  At  lower  doses  it  is  a 
radiosensitizer  of  a  number  of  human  cancer  cell  lines  (4).  We  previously 
demonstrated  that  the  primary  mode  of  6-lap  cytotoxicity  is  through  the  induction 
of  apoptosis  (1,2).  However,  the  clinical  efficacy  of  this  drug  remains  to  be 
explored  and  such  studies  await  elucidation  of  its  mechanism  of  action. 

While  a  number  of  in  vitro  effects  of  6-lap  have  been  described,  the  key 
intracellular  target  of  6-lap  remains  unknown.  6-Lap  has  many  diverse  effects  in 
vitro,  including  a)  inhibition  of  DNA  polymerase  a  (5);  b)  enhanced  lipid 
peroxidation  and  free  radical  accumulation  (6);  c)  inhibition  of  DNA  replication 
and  thymidylate  synthase  activity  (7);  d)  inhibition  of  DNA  repair  (4,8);  e) 
inhibition  or  activation  of  DNA  topoisomerase  I  (1,3);  f)  oxidation  of 
dihydrolipoamide  (9);  g)  induction  of  Topoisomerase  Ila-mediated  DNA  breaks 
(10);  h)  inhibition  of  poly  (ADP-ribose)  polymerase  (11);  and  i)  inhibition  of  NF-kB 
activity  (12).  While  these  effects  could  be  hypothetically  linked  to  the  cytotoxicity 
caused  by  6-lap  administration,  most  have  not  been  demonstrated  in  vivo  and  none 
have  led  to  elucidation  of  the  drug’s  intracellular  target. 

Structural  similarities  between  6-lap  and  other  members  of  the 
naphthoquinone  family,  such  as  menadione  (Vitamin  K3,  2-methyl-l,4 
naphthoquinone),  suggested  that  the  enzyme,  NQOl  (DT-diaphorase,  quinone 
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oxidoreductase,  E.C.  1.6.99.2),  may  be  involved  in  the  activation  or  detoxification 
of  6-lap  (13-17).  The  x-ray-inducible  nature  of  NQOl  (i.e.,  it  was  cloned  by  our 
laboratory  as  x-ray  inducible  transcript-3  ,  xip-3)  was  also  consistent  with  this 
compound’s  ability  to  sensitize  irradiated  cells  (18). 

NQOl  is  a  ubiquitous  flavoprotein  found  in  most  eukaryotes.  The  human 
NQOl  gene  encodes  a  30  kDa  protein  which  is  expressed  in  most  tissues,  but  does 
show  variable  tissue-dependent  expression.  NQOl  is  abundant  in  the  livers  of  most 
mammals,  except  humans  where  it  is  less  abundant  than  in  most  other  tissues 
(16,19,20).  NQOl  knock-out  mice  show  no  detectable  phenotype,  other  than  an 
enhanced  sensitivity  to  menadione,  suggesting  that  the  principal  function  of  NQOl 
is  the  detoxification  of  quinone  xenobiotics  (21).  Importantly,  NQOl  is 
overexpressed  in  a  number  of  tumors,  including  breast,  colon  and  lung  cancers, 
compared  with  surrounding  normal  tissue  (22-25).  This  observation,  more  than  any 
other,  suggests  that  drugs  which  are  activated  by  NQOl,  (e.g.,  MMC,  streptonigrin 
and  E09,  see  below)  should  show  significant  tumor-specific  activity. 

NQOl  catalyzes  a  two  electron  reduction  of  various  quinones  (e.g., 
menadione),  utilizing  either  NADH  or  NADPH  as  electron  donors.  Unlike  most 
other  cellular  reductases,  NQOl  reduces  quinones  directly  to  the  hydroquinone, 
bypassing  the  unstable  and  highly  reactive  semiquinone  intermediate. 
Semiquinones  are  excellent  free  radical  generators,  initiating  a  redox  cycle  which 
results  in  the  generation  of  superoxide.  Superoxide  can  dismutate  to  hydrogen 
peroxide  and  hydroxyl  radicals  can  then  be  formed  by  the  iron-catalyzed  reduction 
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of  peroxide  via  the  Fenton  reaction  (26).  All  of  these  highly  reactive  species  may 
directly  react  with  DNA  or  other  cellular  macromolecules,  such  as  lipids  and 
proteins,  causing  damage.  NQOl -mediated  production  of  the  hydroquinone,  which 
can  be  readily  conjugated  and  excreted  from  the  cell,  constitutes  a  protective 
mechanism  against  these  types  of  damage  (27).  It  is  thought  that  this  reducing 
activity  of  NQOl  protects  cells  from  the  toxicity  of  naturally  occurring  xenobiotics 
containing  quinone  moieties  (14). 

In  addition  to  its  protective  effects,  NQOl  can  also  reduce  certain  quinones 
to  more  reactive  forms.  The  most  well  described  of  these  compounds  is  MMC.  It  is 
through  a  two  electron  reduction  by  NQOl,  or  through  two  separate  one  electron 
reductions  by  other  reductases  (such  as  NADHicytochrome-bj  reductase  and 
NADPH: cytochrome  P450  reductase),  that  the  alkylating  activity  of  MMC  is 
revealed  (28-30).  A  correlation  was  observed  between  MMC  sensitivity  and  NQOl 
activity  in  a  study  using  sixty-nine  cell  lines  from  the  National  Cancer  Institute 
human  tumor  cell  panel.  These  data  suggested  that  NQOl  was  a  critical  activator 
of  mitomycin  C  and  likely  other  quinone-containing  antitumor  agents  (31). 
Similarly,  streptonigrin  and  E09,  can  be  activated  by  NQOl -catalyzed  reduction 
(32). 

Dicoumarol  [3-3’-methylene-bis(4hydroxycoumarin)],  is  a  commonly  used 
inhibitor  of  NQOl,  which  competes  with  NADH  or  NADPH  for  binding  to  the 
oxidized  form  of  NQOl.  Dicoumarol  thereby  prevents  reduction  of  various  target 
quinones  (33,34).  Co-administration  of  dicoumarol  significantly  enhances  the 
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toxicity  of  a  number  of  quinones,  including  menadione,  presumably  by  increasing 
oxidative  stress  in  the  cell  (35-37). 

We  demonstrate  that  NQOl  is  the  principal  activating  enzyme  for  B-lap  in 
breast  cancer  cells.  B-Lap  cytotoxicity  was  significantly  enhanced  in  breast  cancer 
cells  expressing  NQOl.  Conversely,  cells  which  lacked  this  enzyme  were  more 
resistant  to  a  short  term  exposure  to  the  drug.  Co-administration  of  dicoumarol 
protected  NQOl -expressing  cells  from  all  downstream  apoptotic  responses  and 
greatly  enhanced  survival.  Stable  transfection  of  NQOl -deficient,  MDA-MB-468 
cells,  homozygous  for  a  proline  to  serine  substitution  at  amino  acid  187  which 
leads  to  the  synthesis  of  unstable  protein  (38),  with  human  NQOl  cDNA  sensitized 
these  otherwise  resistant  cells  and  re-established  apoptotic  responses.  As  seen  in 
other  cells  expressing  endogenous  NQOl,  cytotoxicity  was  prevented  by 
dicoumarol.  Our  data  establish  that  NQOl  activity  is  the  principal  determinant  of 
B-lap  cytotoxicity  in  breast  cancer  cells.  A  novel  downstream  apoptotic  pathway 
induced  by  B-lapachone  is  also  discussed. 
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Experimental  Procedures 


Cell  Culture  MCF-7:WS8  and  T47D:A18  cells  were  obtained  from  V.  Craig 
Jordan  (Northwestern  University,  Chicago,  IL).  MDA-MB-468  cells  were  obtained 
from  American  Type  Culture  Collection.  All  tissue  culture  components  were 
purchased  from  GIBCO  Laboratories,  Grand  Island,  NY  unless  otherwise  stated. 
Cells  were  grown  in  RPMI  1640  supplemented  with  10%  calf  serum,  2  mM  L- 
glutamine,  100  U/ml  penicillin  and  100  mg/ml  streptomycin.  Cells  were  routinely 
passed  at  1:5-1:20  dilutions  once  per  week  using  0.1%  trypsin.  All  cells  were 
grown  in  a  37°C  humidified  incubator  with  5%  C02-95%  air  atmosphere-  Tests  for 
mycoplasma,  using  the  Gen-Probe™  Rapid  Detection  Kit  (Fisher  Scientific, 
Pittsburgh,  Pa.),  were  performed  quarterly  and  all  cell  lines  were  found  to  be 
negative. 

Stable  Transfection  Cells  were  seeded  into  6  well  dishes  at  2  x  10^  cells/well 
and  allowed  to  attach  overnight.  The  following  day  1 .0  pg  of  BE8  plasmid  DNA 
containing  the  human  NQOl  cDNA  in  the  pCDNA3  constitutive  expression  vector 
(39)  was  transfected  into  each  of  3  wells  using  standard  calcium  phosphate 
methodology  (40).  After  2  days,  cells  were  selected  for  growth  in  350  pg/ml 
Geneticin®  (G418,  Gibco  BRL,  Gaithersburg,  Md).  A  stable,  pooled  population 
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was  established  after  approximately  3  weeks  and  subsequently  clones  were  isolated 
by  limiting  dilution  cloning,  as  described  (41). 

Cell  Growth  Assays  Cells  were  seeded  into  each  well  of  a  96  well  plate  (1500 
cells/well)  in  0.2  ml  of  media  on  day  0.  The  following  day  (day  1)  media  were 
removed  and  0.2  ml  of  medium  containing  the  appropriate  compound(s)  was  added 
for  4  h.  Drugs  were  then  removed,  control  growth  medium  was  added  and  cells 
were  allowed  to  grow  for  an  additional  7  days.  Stock  solutions  of  B-lap  (a  generous 
gift  from  William  Bomman,  Sloan-Kettering  Cancer  Center,  New  York,  NY)  and 
menadione  (Sigma  Chemical  Co,  St.  Louis,  MO)  were  dissolved  in  DMSO  and 
stored  at  -80°  C.  Drugs  were  added  to  medium  at  a  1:1000  dilution  immediately 
before  administration  to  cells.  Dicoumarol  (Sigma  Chemical  Co,  St.  Louis,  MO) 
was  suspended  in  water  and  solubilized  using  a  minimal  amount  of  NaOH. 
Dicoumarol  was  added  at  a  1:100  dilution  to  the  appropriate  medium.  DNA 
content  (a  measure  of  cell  growth)  was  determined  by  fluorescence  of  the  DNA 
dye  Hoescht  33258  (Sigma  Chemical  Co.,  St.  Louis,  Mo.),  using  an  adaptation  of 
the  method  of  LaBarca  and  Paigan  (42)  and  read  in  a  Cytofluor  fluorescence  plate 
reader.  Data  was  expressed  as  relative  growth  T/C  (treated  /control)  from  3  or 
more  wells  per  treatment.  Each  experiment  was  repeated  at  least  three  times  and 
data  were  expressed  as  mean  ±  SEM.  Comparisons  were  performed  using  a  two- 
tailed  student’s  t-test  for  paired  samples. 
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Colony-forming  Assays  LD50  survival  determinations  were  calculated  by 
clonogenic  assays  (4).  Briefly,  cells  were  seeded  at  various  densities  on  35-cm^ 
tissue  culture  dishes  and  allowed  48  h  to  attach  and  initiate  log-phase  growth. 
Drugs  were  added  for  4  h  at  various  concentrations  and  removed,  as  described 
above.  Colonies  from  control  or  treated  conditions  were  allowed  to  grow  for  10 
days.  Colonies  with  50  or  more  normal  appearing  cells  were  counted  and  data  were 
graphed  as  mean  ±  SEM.  Shown  is  a  compilation  of  two  independent  experiments. 
Comparisons  were  performed  using  a  two-tailed  student’s  t-test  for  paired  samples. 

Western  Blot  Analyses  Whole  cell  extracts  were  prepared  by  direct  lysis  of 
scraped,  PBS  washed  cells  (both  floating  and  attached  cells  were  pooled)  in  buffer 
comprised  of  6  M  urea,  2%  SDS,  10%  glycerol,  62.5  mM  Tris-HCl  pH  6.8,  5%  6- 
mercaptoethanol  and  5  mg/ml  bromphenol  blue  followed  by  sonication.  Equal 
amounts  of  protein  were  heated  at  65°  C  for  10  min  and  loaded  into  each  lane  of  a 
10%  polyacrylamide  gel  with  a  3%  stacking  gel.  Following  electrophoresis, 
proteins  were  transferred  to  Immobilon-P  (Millipore  Corp.,  Bedford,  MA)  using 
Multiphor  II  semi-dry  electroblotting  (Pharmacia  Biotech  Inc.,  Piscataway,  NJ) 
according  to  the  manufacturer’s  directions.  Loading  equivalence  and  transfer 
efficiency  were  monitored  by  Ponceau  S  staining  of  the  membrane.  Standard 
western  blotting  techniques  were  used  and  the  proteins  of  interest  were  visualized 
by  incubation  with  Super  Signal  (Pierce  Chemical  Co.,  Rockford,  IL)  at  20°C  for  5 
minutes.  Membranes  were  then  exposed  to  x-ray  film  for  an  appropriate  time  and 
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developed.  The  C-2-10  anti-PARP  antibody  was  purchased  from  Enzyme  Systems 
Products  (Dublin,  CA).  The  anti-p53  antibody  (DO-1)  was  purchased  from  Santa 
Cruz  Biotechnology  Inc.  (Santa  Cruz,  CA),  NQOl  antibody  was  contained  in 
medium  from  a  mouse  hybridoma  Clone  A 180  (43)  and  was  used  at  a  1:4  dilution 
in  10%  semm,  lx  PBS  +  0.2%  Tween-20  for  Western  blot  analysis. 

Preparation  of  S9  supernatants  Cellular  extracts  for  enzyme  assays  were  prepared 
from  cells  in  mid-  to  late-log  phase  growth.  Cells  were  harvested  by  trypsinization 
(0.25%  trypsin  and  1  mM  EDTA),  washed  twice  in  ice-cold,  phenol  red-free 
Hank's  balanced  salt  solution,  then  resuspended  in  a  small  volume  of  PBS,  pH  7.2, 
containing  10  |4g/|Lil  aprotinin.  The  cell  suspensions  were  sonicated  on  ice,  four 
times,  using  10-second  pulses,  then  centrifuged  at  14000g  for  20  min.  The  S9 
supernatants  were  aliquoted  into  microfuge  tubes  and  stored  at  -80  °C  until  used. 

Enzyme  assays:  Three  enzymes  were  assayed  as  described  by  Fitzsimmons  et 
al.  (31)  and  Gustafson  et  al  (39).  Reaction  medium  contained  77  iiiM  cytochrome  c 
(practical  grade.  Sigma  Chemical  Co.,  St.  Louis,  MO)  and  0.14%  bovine  serum 
albumin  in  Tris-HCl  buffer  (50  mM,  pH  7.5).  NQOl  activity  was  measured  using 
NADH  (200  luM)  as  the  immediate  electron  donor  and  menadione  (10  |4M)  as  the 
intermediate  electron  acceptor.  Each  assay  was  repeated  in  the  presence  of  10  pM 
dicoumarol,  and  activity  attributed  to  NQOl  was  that  inhibited  by  dicoumarol  (44). 
NADHicytochrome  bj  reductase  was  measured  using  NADH  (200  pM)  as  the 
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electron  donor,  and  NADH:  cytochrome  P-450  reductase  was  measured  using 
NADPH  (200  fiM)  as  electron  donor  (45)  in  a  Beckman  DU  640  spectrophotometer 
(Beckman  Coulter,  Fullerton,  CA).  Reactions  were  carried  out  at  37  °C,  and  were 
initiated  by  addition  of  the  S9  supernatants.  Varying  amounts  of  supernatants, 
from  10  to  40  pi,  were  used  to  insure  linearity  of  rates  with  protein  concentration. 
Enzyme  activities  were  calculated  as  nmoles  cytochrome  c  reduced/min/mg 
protein,  based  on  the  initial  rate  of  change  in  OD  at  550  nm  and  an  extinction 
coefficient  for  cytochrome  c  of  21.1  mM/cm.  Results  represent  average  levels  of 
enzyme  activity  for  three  separate  cell  extractions,  ±  SD. 

NADH  recycling  Assays  Assays  were  performed  with  either  purified  NQOl  (46) 
or  S9  extracts  from  MCF-7:WS8  cells.  For  assay  using  purified  NQOl,  1.5  pg  of 
recombinant  human  NQOl  was  mixed  with  200-500  pM  NADH  in  50  mM 
potassium  phosphate  buffer  pH  7.0.  Reactions  were  initiated  by  addition  of  2-20 
pM  6-lap  or  menadione  and  the  change  in  absorbance  at  340  nM  was  measured 
over  time.  For  assays  using  MCF-7:WS8  S9  extracts,  5  pi  of  extracts  containing 
approximately  2000  units  NQOl  per  mg  protein  were  mixed  with  200  -500  pM 
NADH  in  50  mM  Tris-HCl  pH  7.5  containing  0.14%  BSA.  Reactions  were 
initiated  by  addition  of  5-200  pM  6-lap  or  menadione  and  change  in  absorbance  at 
340  nM  was  measured  for  10  min.  All  reactions  were  also  performed  in  the 
presence  of  10  pM  dicoumarol,  which  inhibited  all  measurable  NQOl  activity. 
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Flow  Cytometry  and  Apoptotic  Measurements  Flow  cytometric  analyses  were 
performed  as  described  (1,2).  TUNEL  assays,  to  measure  DNA  fragmentation 
during  apoptosis,  were  performed  using  APO-DIRECT™  as  described  by  the 
manufacturer  (Phoenix  Flow  Systems,  Inc.  San  Diego,  CA.).  Samples  were  read  in 
a  EPICS  Elite  ESP  flow  cytometer  using  an  air-cooled  argon  laser  at  488  nm,  15 
mW  (Beckman  Coulter  Electronics,  Miami,  FL).  Propidium  iodide  was  read  at  640 
nm  using  a  long  pass  optical  filter  and  FITC  was  read  at  525nm  using  a  band  pass 
filter.  Analysis  was  performed  using  the  Elite  acquisition  software  provided  with 
the  instrument.  All  experiments  were  performed  a  minimum  of  three  times. 
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Results 


We  previously  showed  that  the  naturally  occurring  1,2  naphthoquinone,  B- 
lap,  induced  apoptosis  in  a  number  of  breast  cancer  cell  lines  (1,2),  As  a  member  of 
the  naphthoquinone  family,  we  hypothesized  that  B-lap  may  be  a  substrate  for 
NQOl  and  its  toxicity  may  be  influenced  by  NQOl  expression.  We,  therefore, 
tested  the  effects  of  dicoumarol  on  B-lap-mediated  cytotoxicity  in  MCF-7:WS8  or 
MDA-MB-468  breast  cancer  cell  lines  after  a  4  hour  pulse  of  drug.  Co¬ 
administration  of  50  pM  dicoumarol  during  a  4  h  pulse  of  B-lap  caused  a 
significant  survival  enhancement  in  MCF-7:WS8  cells  (Fig.l).  While  this 
protection  was  dramatic  at  B-lap  doses  of  4-12  pM,  the  protective  effects  of 
dicoumarol  were  overcome  by  >14  pM  B-lap.  In  contrast,  MDA-MB-468  cells 
were  relatively  resistant  (LD50  ~  8  pM,  compared  with  MCF-7:WS8,  LD50  ~  4  pM) 
to  B-lap  alone  and  were  not  significantly  protected  by  dicoumarol  (Fig.  1).  Since 
MDA-MB-468  cells  do  not  express  NQOl  (Table  I  and  Fig.  3)  and  dicoumarol 
significantly  protected  NQOl -expressing  MCF-7:WS8  cells  (Table  I  and  Fig.  3), 
these  data  suggested  that  NQOl  expression  was  a  critical  determining  factor  in  B- 
lap-mediated  cytotoxicity. 

We  then  extended  these  studies  to  compare  the  relative  toxicity  of 
menadione  (2-methyl- 1,4-naphthoquinone)  to  B-lap,  either  alone  or  in  the  presence 
of  dicoumarol.  Three  breast  cancer  cell  lines  (T47D:A18,  MDA-MB-468  and 
MCF-7:WS8)  were  treated  with  a  4  h  pulse  of  drugs  and  relative  growth  was 
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measured  7  days  later  (Fig.  2).  Dicoumarol  significantly  inhibited  6-lap  toxicity  in 
MCF-7:WS8  and  T47D:A18  cells.  In  contrast,  dicoumarol  showed  little  or  no 
protective  effect  in  MDA-MB-468  cells  (Compare  graphs  A,C  &  E  in  Fig.  2). 

In  a  parallel  experiment  using  menadione,  alone  or  with  dicoumarol,  the 
relative  sensitivities  of  the  cell  lines  to  menadione  were  opposite  those  found  with 
6-lap,  MCF-7:WS8  cells  were  the  most  resistant  to  menadione  and  MDA-MB-468 
cells  were  the  most  sensitive.  Co-administration  of  dicoumarol  caused  a  significant 
sensitization  of  MCF-7:WS8  cells  to  menadione  toxicity,  with  a  decrease  in  the 
relative  IC50  from  12  to  3  pM.  MDA-MB-468  cells,  which  were  inherently  more 
sensitive  to  menadione,  were  unaffected  by  dicoumarol  co-administration. 
T47D:A18  cells  were  only  minimally  sensitized  to  menadione  exposure  when 
dicoumarol  was  co-administered  (compare  graphs  B,  D  &  F,  Fig.  2).  These  data 
were  consistent  with  NQOl  expression  (Fig.  3),  where  NQOl  protein  levels  were 
high  in  MCF-7:WS8  cells,  moderate  in  T47D:A18  cells  and  undetectable  in  MDA- 
MB-468  cells.  NQOl  enzyme  activities  were  consistent  with  protein  levels 
(Compare  Fig.  3  and  Table  I).  Using  these  cell  extracts  we  showed  that  6-lap  could 
substitute  for  menadione  in  this  in  vitro  assay  demonstrating  that  the  compound 
was  a  suitable  NQOl  substrate  in  intact  cells  (Fig.9  and  data  not  shown).  These 
data  demonstrated  that  both  menadione  and  6-lap  could  serve  as  substrates  for 
NQOl -mediated  reduction  and  suggested  that  the  end  results  of  these  reductions 
were  opposite  (i.e.,  menadione  was  inactivated  by  reduction  and  6-lap  was 
activated  by  reduction). 
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We  previously  showed  that  apoptosis  in  various  human  breast  cancer  cell 
lines  induced  by  B-lap  administration  was  unique,  in  that  it  caused  a  pattern  of 
PARP  and  p53  cleavages  distinct  from  that  induced  by  other  caspase-activating 
agents.  After  6-lap  treatment,  we  observed  a  60  kDa  PARP  fragment,  which  was 
likely  due  to  the  activation  of  the  neutral,  calcium-dependent  protease,  calpain^.  To 
investigate  the  effect  of  dicoumarol  on  this  cleavage  pattern  in  MCF-7:WS8  cells, 
we  treated  cells  with  a  4  h  pulse  of  8  pM  6-lap  alone,  or  in  the  presence  of  50  pM 
dicoumarol.  Cells  were  lysed  20  h  later  and  PARP  cleavage  monitored.  We  also 
investigated  the  effects  of  1  pM  staurosporine  treatment,  in  order  to  determine  if 
dicoumarol  could  block  classic  apoptotic  proteolysis,  or  if  it  was  specific  for  6-lap- 
induced  apoptosis.  As  seen  in  Fig.  4,  dicoumarol  completely  abrogated  atypical 
PARP  cleavage  after  6-lap  exposure,  but  had  no  effect  on  staurosporine-induced 
classic  PARP  cleavage  (i.e.,  formation  of  an  89  kDa  PARP  fragment  (47))  in  MCF- 
7;WS8  cells.  The  fact  that  dicoumarol  significantly  protected  NQOl -expressing 
cells  from  6-lap-mediated  apoptosis  strongly  suggested  a  role  for  NQOl  in  6-lap 
toxicity.  However,  previous  studies  indicated  that  dicoumarol  may  also  inhibit 
other  cellular  enzymes  (48). 

In  order  to  definitively  demonstrate  the  role  of  NQOl  in  6-lap  toxicity,  we 
utilized  the  NQOl -negative,  6-lap-resistant,  MDA-MB-468  cell  line  to  determine 
if  exogenous  expression  of  NQOl  could  sensitize  these  cells  to  6-lap.  We  stably 
transfected  MDA-MB-468  cells  with  a  constitutive  NQOl  expression  vector  under 
the  control  of  a  CMV  promoter.  We  also  performed  a  parallel  transfection  using 
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the  empty  vector,  pcDNA3.  Following  selection  of  a  pooled  population  of  G418 
resistant  cells,  we  isolated  a  number  of  clones  by  limiting  dilution  subcloning,  as 
described  in  Experimental  Procedures.  NQOl  expression  in  isolated  clones  was 
then  determined  by  Western  blot  analyses  (Fig.  5)  and  enzyme  assays  (Table  II).  In 
all  cases,  enzyme  activity  correlated  with  protein  expression.  As  shown  in  Fig.  5 
and  Table  II,  the  empty  vector-containing  clones  did  not  demonstrate  measurable 
NQOl  expression,  as  observed  with  parental,  non-transfected  cells  (see  lanes  2,  3 
&  4).  Of  the  ten  clones  isolated  from  the  NQOl  transfections,  nine  exhibited 
NQOl  expression.  Clone  NQ-2  (lane  6)  showed  no  measurable  NQOl  expression. 

We  tested  a  number  of  the  clones  for  B-lap  and  menadione  sensitivity. 
Growth  inhibition  was  measured  after  a  4  h  pulse  of  drugs,  either  alone  or  in  the 
presence  of  50  pM  dicoumarol.  Relative  growth  of  6-lap-treated,  compared  to 
control,  (T/C)  cells  was  determined  seven  days  after  drug  exposures,  using  DNA 
amount  per  well  as  an  indicator  of  cell  growth.  In  all  cases,  expression  of  NQOl 
led  to  a  marked  increase  in  sensitivity  to  6-lap  (see  Fig  6A).  Co-administration  of 
50  pM  dicoumarol  selectively  inhibited  6-lap  toxicity  in  all  clones  which 
expressed  NQOl.  Dicoumarol  did  not  affect  the  relatively  more  6-lap-resistant 
Vec-3  or  NQ-2  clones,  which  did  not  express  NQOl. 

Opposite  results  were  observed  after  menadione  treatments.  Cells  expressing 
NQOl  were  more  resistant  to  menadione  than  NQOl -negative  clones  and 
resistance  could  be  ameliorated  by  dicoumarol  co-administration  (data  not  shown). 
To  demonstrate  that  this  effect  was  not  due  simply  to  transient  growth  inhibition. 
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we  also  measured  clonogenic  survival  of  the  Vec-3,  NQ-3  and  NQ-7  clones  after  4 
h  treatment  with  6-lap  alone,  or  in  the  presence  of  50  pM  dicoumarol  (Fig.  6B). 
Relative  survival  closely  mimicked  growth  inhibition,  demonstrating  the 
sensitizing  effect  of  NQOl  expression  on  6-lap  cytotoxicity.  These  data  clearly 
established  that  NQOl  activity  was  critical  for  the  acute  toxicity  of  6-lap. 

To  confirm  that  cell  death  occurred  due  to  the  induction  of  apoptosis  in  the 
NQOl  transfectants,  we  used  TUNEL  assays  to  measure  DNA  fragmentation  due 
to  apoptosis  after  6-lap  treatment.  Cells  were  treated  with  a  4  h  pulse  of  8  pM  6-lap 
alone,  or  in  combination  with  50  pM  dicoumarol,  harvested  48  h  later,  and 
monitored  for  apoptosis  using  TUNEL  assays,  where  terminal  deoxynucleotide 
transferase-mediated  FITC-dUTP  incorporation  was  measured.  As  shown  in  Figure 
7B  ,  Vec-3  cells  showed  less  than  2%  TUNEL  positive  (apoptotic)  cells  after  6-lap 
treatment.  All  NQOl  expressing  clones  showed  between  30%  and  70%  TUNEL 
positive  cells.  Dicoumarol  co-administration  completely  blocked  apoptotic-related 
DNA  fragmentation  in  all  the  NQOl -expressing  MDA-MB-468  clones.  These 
findings  further  demonstrated  that  while  certain  aspects  of  6-lap  cytotoxicity  were 
unique,  (e.g.,  atypical  PARP  cleavage),  other  aspects  conform  to  the  classic 
apoptotic  pathway  (e.g.,  DNA  fragmentation,  as  measured  by  TUNEL  assays  and 
the  presence  of  a  sub-Go/Gj  cell  population  (2)). 

We  next  utilized  a  number  of  the  NQOl -expressing  MDA-MB-468  clones  to 
determine  if  cytotoxicity  equated  with  corresponding  increases  in  atypical 
apoptotic  proteolysis,  as  measured  by  PARP  and  p53  cleavage.  NQOl -expressing 
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clones  were  exposed  to  4  pM  or  8  pM  6-lap  for  4  h  and  cell  lysates  were  prepared 
48  h  later.  As  observed  in  Fig.  8A,  clones  with  NQOl  expression,  (i.e.,  NQ-1,  NQ- 
3,  NQ-6  and  NQ-7)  demonstrated  a  prevalent  60  kDa  PARP  cleavage  fragment 
after  exposure  to  8  pM  6-lap.  The  NQOl  negative  clone,  Vec-3,  exhibited  no 
PARP  cleavage  at  either  6-lap  doses.  We  noted  cleavage  of  p53  (resulting  in  an  ~ 
40  kDa  fragment)  at  the  same  6-lap  doses  which  gave  rise  to  the  60  kDa  PARP 
fragment.  Cells  exposed  to  10  pM  menadione  ±  dicoumarol  showed  an  opposite 
pattern,  as  monitored  by  p53  and  PARP  cleavage  (Fig.  8B  and  data  not  shown). 
Dicoumarol  enhanced  p53  cleavage  after  menadione  exposure.  Importantly,  NQOl 
expression  also  lead  to  resistance  to  menadione-induced  p53  cleavage,  which  could 
be  reversed  by  co-administration  of  dicoumarol.  Previous  studies  from  our 
laboratory  suggested  that  both  the  PARP  and  p53  cleavage  events  were  the  result 
of  activation  of  the  calcium-dependent  protease,  calpain^. 

To  further  characterize  the  nature  by  which  6-lap  could  serve  as  a  substrate 
for  NQOl,  we  measured  NADH  oxidation  using  a  modified  in  vitro  assay.  Using 
purified  recombinant  human  NQOl,  or  cell  extracts  containing  NQOl,  we 
measured  the  oxidation  of  NADH  in  the  presence  of  either  menadione  or  6-lap. 
This  assay  was  different  from  that  used  to  measure  NQOl  activity  in  cell  lysates 
(described  in  Tables  I  &  II),  in  that  a  terminal  electron  acceptor  (i.e.,  cytochrome 
c)  was  not  included  in  the  reaction.  If  the  substrates  (menadione  or  6-lap)  were 
utilized  once  in  the  enzyme  reaction,  the  compounds  could  not  reduce  a  terminal 
electron  acceptor  and  would  thereby  presumably  accumulate  in  their  respective 
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hydroquinone  forms.  This  would  result  in  oxidation  of  1  mole  of  NADH  per  mole 
of  quinone  reduced.  As  expected,  menadione  reduction  resulted  in  the  oxidation  of 
1-3  moles  of  NADH  per  mole  of  menadione  in  2  min  and  3-4  moles  of  NADH  per 
mole  of  menadione  in  5  min  using  S9  extracts  from  MCF-7:WS8  or  NQ-3  cells 
(Fig  9  and  data  not  shown).  6-Lap  resulted  in  the  oxidation  of  10-20  moles  of 
NADH  per  mole  of  6-lap  in  2  min  and  50-60  moles  of  NADH  per  mole  of  6-lap  in 
5  minutes  (Fig.  9).  The  relative  NADH  oxidation  with  6-lap  may  be  an 
underestimate  of  6-lap-mediated  NADH  oxidation,  due  to  exhaustion  of  reduced 
NADH  at  later  timepoints.  Using  purified  NQOl  this  effect  was  even  more 
pronounced,  giving  rise  to  oxidation  of  10  moles  of  NADH  per  mole  of  6-lap  in  10 
sec  and  100  moles  of  NADH  per  mole  of  6-lap  in  10  min  (data  not  shown).  These 
results  strongly  suggest  that  the  hydroquinone  form  of  6-lap  is  unstable  and  rapidly 
undergoes  auto-oxidation  to  the  parent  quinone,  which  can  again  serve  as  substrate 
for  reduction  by  NQOl. 
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Discussion 


We  demonstrated  that  B-lap  cytotoxicity  is  dependent  upon  the  expression  of 
the  obligate  two-electron  reductase,  NQOl.  Dicoumarol,  an  NQOl  inhibitor, 
significantly  protected  NQOl -expressing  breast  cancer  cell  lines  against  all  tested 
aspects  of  B-lap  toxicity,  including  cell  death.  Overall,  NQOl  expression  correlated 
well  with  sensitivity  of  various  breast  cancer  cell  lines  to  the  effects  of  B-lap.  Use 
of  the  redox  cycling  compound  menadione,  which  is  detoxified  by  NQOl, 
demonstrated  that  the  protection  offered  by  dicoumarol  is  not  the  result  of  a  global 
apoptotic  inhibition,  since  dicoumarol  significantly  enhanced  the  cytotoxicity  of 
menadione,  in  cells  which  expressed  NQOl  (Fig.  2).  Dicoumarol  also  did  not 
influence  staurosporine-induced  apoptosis.  In  addition,  the  relative  sensitivities  of 
the  cell  lines  to  menadione  were  opposite  those  of  B-lap,  demonstrating  that  the  B- 
lap-sensitive  cells  were  not  merely  sensitive  to  unrelated  cytotoxic  compounds. 
Exogenous  expression  of  NQOl,  in  NQOl -deficient  MDA-MB-468  cells,  shifted 
the  LD99  from  >10  pM  to  less  than  4  pM.  While  this  shift  may  appear  modest,  the 
dose-response  curves  for  both  growth  inhibition  and  survival  after  B-lap  treatment 
were  extremely  steep.  At  4  pM  B-lap,  60%  of  the  NQOl -negative  cells  survived, 
whereas  less  than  0.05%  survival  was  noted  in  cells  transfected  with  NQOl.  A 
similarly  steep  curve  was  noted  with  growth  inhibition,  where  treatment  with  4  pM 
B-lap  lead  to  greater  than  90%  growth  in  the  NQOl -negative  cells  and  undetectable 
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growth  in  the  NQOl -expressing  cells.  In  both  survival  and  growth  measurements, 
addition  of  50  pM  dicoumarol  protected  NQOl -expressing  cells  completely  and 
resulted  in  values  nearly  equal  to  that  observed  in  untreated  cells.  While  these 
findings  suggest  that  6-lap  should  show  considerable  activity  against  NQOl 
expressing  tumors,  the  dose-response  curves  indicate  that  the  overall  drug  exposure 
will  undoubtedly  need  to  be  closely  monitored  if  this  drug  is  to  prove  clinically 
useful. 

6-Lap  may  be  activated  by  NQOl  in  a  manner  analogous  to  that  of  MMC  or 
E09  (49,50).  However,  unlike  MMC  (51)  there  is  no  indication  of  direct  DNA 
damage  by  6-lap  as  assessed  by  p53  induction,  alkaline  or  neutral  filter  elution,  or 
covalent  complex  protein-DNA  formation  (2,52,53).  Most  specific  demonstrations 
of  6-lap  activity  have  come  from  in  vitro  assays.  For  example,  topoisomerase  Ila- 
mediated  DNA  damage  has  been  observed  in  vitro  after  treatment  with  either  6-lap 
or  menadione  (10).  However,  the  expected  downstream  effects  of  this  damage  (e.g., 
p53  induction,  DNA/topoisomerase  Ila  complexes,  etc.)  have  not  been  observed 
(1,2).  In  addition,  we  previously  showed  that  topoisomerase  I  could  be  inhibited  or 
activated  in  vitro  in  a  manner  distinct  from  that  of  the  classic  topoisomerase  I 
inhibitor,  camptothecin  (1).  Neither  “cleavable  complex”  formation  (8),  nor 
increases  in  the  steady  state  levels  of  wild-type  p53  were  observed  following  6-lap 
treatment.  In  contrast,  camptothecin,  or  Topoisomerase  Ila  inhibitors,  caused  a 
dramatic  increase  in  p53,  as  previously  reported  (1,54).  The  observations  reported 
here  suggest  that  6-lap  must  either  be  activated  (reduced)  to  inhibit  topoisomerases 
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I  or  Ila,  or  that  topoisomerase  inhibition  is  not  a  necessary  component  of  6-lap- 
mediated  cytotoxicity. 

One  particularly  unique  aspect  of  6-lap  toxicity  is  the  apparent  activation  of 
a  novel  protease,  which  we  first  discerned  by  observation  of  an  atypical  cleavage 
pattern  of  the  DNA  repair  protein  and  apoptotic  substrate,  PARP^.  This  pattern 
(giving  rise  to  an  ~  60  kDa  fragment,  instead  of  the  classic  89  kDa  fragment)  was 
unique  to  6-lap-mediated  apoptosis  and  correlated  well  with  lethality.  In  addition, 
investigation  of  p53  proteolysis  after  6-lap  treatment  showed  a  fragment  of  ~40 
kDa  (Fig.  7B),  which  was  similar  to  that  previously  attributed  to  calpain  activation 
(55).  Calpain  has  been  implicated  in  apoptosis  in  a  number  of  systems  (56-58)  and 
we  hypothesize  that  calpain  is  the  primary  protease  activated  in  6-lap-mediated  cell 
death^.  The  data  regarding  the  role  of  calpain  as  an  inducer  of  apoptosis  or  simply  a 
component  of  the  execution  phase  of  apoptosis  appears  to  depend  upon  the  cell 
type  and  method  of  apoptosis  induction.  The  demonstration  of  menadione-induced 
p53  cleavage  (Fig.  8)  suggests  that  this  proteolytic  pathway  is  not  unique  to  6-lap. 
Enhancement  of  menadione-mediated  proteolysis  by  dicoumarol  suggests  that  the 
hydroquinone  form  of  menadione  is  a  nontoxic  species,  or  is  rapidly  conjugated 
and  excreted  from  the  cell  and  does  not  activate  this  cell  death  pathway  (59). 
However,  when  menadione  is  reduced  to  the  semiquinone,  in  the  absence  of  NQOl 
activity,  it  can  also  undergo  a  futile  cycle,  leading  to  the  loss  of  reduced  NAD(P)H 
(60).  This  futile  cycle  is  less  potent  than  the  6-lap  futile  cycling,  but  can  be 
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activated  by  high  concentrations  of  menadione  in  NQOl  expressing  cells  and 
lower  menadione  concentrations  in  cells  lacking  NQOl  activity. 

While  reduction  of  B-lap  appears  to  be  critical  for  it’s  cytotoxic  effects 
against  breast  cancer  cells,  the  mechanism  by  which  reduction  of  B-lap  leads  to 
toxicity  is  still  unresolved.  Our  findings  regarding  the  futile  cycling  of  B-lap 
suggest  a  possible  component  of  the  cytotoxic  mechanism.  B-Lap-mediated 
exhaustion  of  NADH  in  the  in  vitro  studies  (Fig.  8)  suggests  that  the  hydroquinone 
form  of  B-lap  is  unstable  and  auto-oxidizes  back  to  the  parent  compound.  In  an 
intact  cell  this  futile  cycle  would  be  expected  to  continue  until  one  of  the  critical 
components  of  the  reaction  is  exhausted  (Fig.  10).  Since  NQOl  can  utilize  either 
NADH  or  NADPH  as  electron  donors,  this  futile  cycle  could  lead  to  a  substantial 
loss  of  NADH  and  NADPH  with  a  concomitant  rise  in  NAD+  and  NADP-i-  levels. 
This  would  have  a  dramatic  effect  on  any  cellular  process  requiring  NADH  or 
NADPH.  It  is  likely  that  this  exhaustion  of  reduced  enzyme  co-factors  may  be  a 
critical  factor  for  the  activation  of  the  apoptotic  pathway  after  B-lap  treatment.  The 
downstream  consequences  of  this  futile  cycle  are  currently  under  investigation  in 
our  laboratory. 

At  higher  doses  of  B-lap  (>  10  pM),  NQOl -negative  cells  and  NQOl- 
expressing  cells  treated  with  dicoumarol,  were  killed  by  B-lap.  This  may  be  due  to 
the  production  of  oxidative  stress,  as  a  result  of  one  electron  reduction  of  B-lap  by 
other  enzymes,  such  as  cytochrome  b5  reductase  and/or  cytochrome  P450 
reductase  (61).  One  electron  reduction  of  B-lap  to  the  semiquinone  would  be 


24 


expected  to  cause  extensive  redox  cycling  with  the  formation  of  various  reactive 
species  and  previous  studies  showed  that  B-lap  caused  oxygen  radical  formation  in 
trypanosomes  (62,63).  We  speculate  that  B-lap-mediated  free  radical  formation  can 
be  lethal  to  NQOl -deficient  cells,  as  we  previously  reported  with  HL60  cells.  The 
result  in  these  studies  was  stimulation  of  a  caspase-mediated  death  pathway  (1). 
This  hypothesis  is  supported  by  a  recent  study  which  showed  that  6-lap  can  induce 
apoptosis  in  HL-60  cells  through  peroxide  production  (64).  Alternatively,  other 
members  of  the  NQOl  family  which  are  insensitive  to  dicoumarol,  such  as  NQ02 
(65,66),  may  be  present  and  reduce  (i.e.,  activate)  6-lap  when  administered  at  high 
doses.  However,  we  hypothesize  that  the  production  of  cytosolic  free  radicals  is 
not  a  primary  mode  of  cell  death  in  NQOl -expressing  cells,  since  free  radical 
scavengers  (e.g.,  alpha-tocopherol,  N-acetyl-L-cysteine  (NAC)  or 
pyrrolidinedithiocarbamate  (PDTC))  did  not  significantly  affect  lethality  caused  by 
6-lap  exposure  (data  not  shown).  The  free  radical  driven  pathways  may 
predominate  in  NQOl -negative  cells  or  in  cells  with  inactivated  NQOl.  We 
propose  that  when  active  NQOl  is  present,  the  pathway  described  in  Fig.  10  is 
primarily  responsible  for  cell  death. 

Our  data  identifying  the  intracellular  target  of  6-lap  as  NQOl  may  explain 
the  myriad  of  in  vitro  and  in  vivo  responses  reported  for  this  compound.  6-Lap 
exposure  synergizes  with  MMS,  ionizing  radiation  and  ultraviolet  light  irradiation 
damage  (67).  We  speculate  that  the  synergy  between  this  compound  and  these 
DNA  damaging  agents  is  related  to  the  induction  of  NQOl  (cloned  as  an  X-ray- 
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inducible  protein  by  our  laboratory  (18)  and  that  of  Fomace  et.  al.,  (68)).  This  is 
further  supported  by  the  fact  that  only  posttreatments  of  4-5  hours  and  not 
pretreatments,  with  6-lap  caused  synergistic  cell  killing.  Induction  of  6-lap’s  target 
may  have  been  required  for  synergy  and  the  induction  kinetics  of  NQ01/XIP3  after 
ultraviolet  light  or  ionizing  radiation  exposures  (i.e.,  ~2  h)  appear  to  fit  this 
mechanism  (18).  6-Lap  exposure  also  prevented  the  formation  of  ionizing 
radiation-inducible  secondary  neoplastic  transformants  in  Chinese  hamster  embryo 
fibroblasts  (52).  Since  NQOl  expression  is  thought  to  increase  during  early  stages 
of  neoplastic  initiation  (possibly  due  to  the  permanent  induction  of  a  normal  stress 
response,  i.e.,  induction  of  NQOl)  (69,70),  it  is  possible  that  6-lap  administration 
selectively  eliminates  genetically  damaged  cells  that  constitutively  overexpress  this 
preneoplasic  marker  (i.e.,  NQOl).  These  data  suggest  that  it  may  be  possible  to 
exploit  this  IR-inducible  NQOl  target  protein  for  improved  radio-chemo-therapy, 
which  would  also  result  in  a  significantly  lower  level  of  IR-induced  secondary 
carcinogenesis,  as  was  previously  reported  (52). 

Thus,  our  data  strongly  suggest  that  NQOl  expression  is  a  critical 
determinant  of  6-lap-mediated  apoptosis  and  lethality.  The  connection  between  the 
futile  cycle  of  oxidation  and  reduction  of  6-lap  by  NQOl  and  the  activation  of 
calpain-mediated  apoptosis  (Fig.  10)  is  currently  under  investigation  in  our 
laboratory.  Investigation  of  this  drug  should  shed  light  on  calpain-mediated  cell 
death  processes  and  yield  clinical  regimens  using  6-lap  or  more  efficient  drugs  in 
combination  with  DNA  damaging  agents  (e.g.,  radiotherapy).  Use  of  this  drug 
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against  tumors  which  overexpress  NQOl,  such  as  breast,  colon,  or  lung  cancers  is 
indicated.  Identification  of  NQOl  as  the  intracellular  target  of  B-lap  also  suggests 
the  use  of  this  compound  for  chemoprevention,  since  NQOl  is  commonly  elevated 
during  neoplastic  progression  (43). 
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Table  I 


Enzyme  Activities  (nmol/min/mg)* 

NADHtcytochrome 

NADPHrcytochrome 

Cell  Line 

NQOl 

bj  reductase 

P-450  reductase 

MCF-7:WS8 

2,600  ±  560 

81  ±18 

27  ±  5.0 

T47D:A18 

82±  17 

131  ±35 

31  ±1.0 

MDA-MB-468 

ND** 

100  ±11 

301  ±7.6 

*  Units  are  nanomoles  of  cytochrome  c  reduced  per  minute  per  milligram  of  protein. 

**  ND  =  NQOl  not  detected.  The  difference  in  the  rate  of  cytochrome  c  reduction  with 
and  without  dicoumarol  was  not  statistically  significant,  based  on  Student's  t-test. 

Values  represent  averages  for  two  or  more  separate  S9  preparations,  ±  SD 
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Table  II 


Clone 

NQOl  Activity* 

Vec-3 

ND** 

NQ-1 

7400  ±  1200 

NQ-2 

ND** 

NQ-3 

9300  ±  500 

NQ-6 

16,500  ±  2700 

NQ-7 

12,000  ±700 

*  Units  are  nanomoles  of  cytochrome  c  reduced  per  minute  per  milligram  of  protein. 

**  ND  =  NQOl  not  detected.  The  difference  in  the  rate  of  cytochrome  c  reduction  with  and 
without  dicoumarol  was  not  statistically  significant,  based  on  Student's  t-test. 

Values  represent  averages  for  two  or  more  separate  S9  preparations,  ±  SD. 
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Figure  Legends 


FIG.  1.  Co-administration  of  dicoumarol  protects  MCF-7:WS8,  but  not  MDA- 
MB-468,  cells  from  6-lap-mediated  cytotoxicity.  Cells  were  seeded  into  60  mm 
dishes  (10,000  and  1000  cells/dish,  in  triplicate)  and  allowed  to  attach  overnight. 
Cells  were  then  exposed  to  a  4  h  pulse  of  6-lap  either  alone  (  ■  )  or  with  50 

pM  dicoumarol  ( “'O'" ).  Media  were  removed,  fresh  drug-free  media  were  added 
and  cells  were  allowed  to  grow  for  10  days.  Plates  were  then  washed  and  stained 
with  crystal  violet  in  50%  methanol.  Colonies  of  greater  than  50  normal-appearing 
cells  were  then  counted  and  plotted  v.  6-lap  concentration.  Shown  is  the  mean  (  ± 
SEM)  of  triplicate  plates  from  two  independent  experiments  . 

FIG.  2  Relative  growth  inhibition  of  various  breast  cancer  cell  lines  by  6-lap 
or  menadione  .  Cells  (A^:  MCF-7:WS8  C£:  T47D:A18  and  EJF:  MDA-MB- 
468)  were  seeded  into  96  well  plates  (1500  cells/well)  and  allowed  to  attach 
overnight.  Media  containing  drugs  (6-lap  in  A.C  &E  ;menadione  in  B.D  &  FI. 
either  alone  (  — 6-lap,  —M  ■■  menadione)  or  in  the  presence  of  50  pM 
dicoumarol(  "O"  6-lap,  menadione)  ,  were  then  added  for  4h.  Media  were 
then  removed,  fresh  drug-free  media  were  added  and  the  cells  were  allowed  to 
grow  for  an  additional  7  days.  Relative  DNA  per  well  was  then  determined  by 
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Hoescht  33258  fluorescence  and  relative  growth  (treated  /  control  DNA)  was 
plotted.  Each  point  represents  the  mean  of  four  independent  wells  ±  SEM. 

FIG.  3  NQOl  expression  in  various  breast  cancer  cell  lines.  Whole  cell 
extracts  were  prepared  from  exponentially  growing  cell  lines.  Equal  protein  was 
loaded  into  each  lane  and  confirmed  by  Ponceau  S  staining.  Proteins  were 
separated  by  standard  10%  SDS-PAGE,  transferred  to  Immobilon  P  and  probed 
with  medium  from  an  anti-NQOl  hybridoma  followed  by  HRP  conjugated  anti¬ 
mouse  secondary  antibody.  Signals  were  visualized  using  Super  Signal  reagent  as 
described  in  Experimental  Procedures.  Shown  is  a  representative  blot  from 
experiments  performed  at  least  three  times. 

FIG.  4  Dicoumarol  inhibition  of  6-lap-induced  atypical  PARP  cleavage. 
MCF-7:WS8  cells  were  treated  with  a  4  h  pulse  of  8  pM  6-lap  (6,  lanes  3  &  4)  or  a 
24  h  pulse  of  1  pM  staurosporine  (S,  lanes  5  &  6)  either  alone  or  with  50  pM 
dicoumarol  during  the  time  of  drug  exposure.  Untreated  cells  (C,  lane  1)  or  cells 
treated  only  with  50  pM  dicoumarol  (  C  -i-  Die,  lane  2)  were  included  as  controls. 
Whole  cell  extracts  were  prepared  at  24  h  and  analyzed  using  standard  western  blot 
techniques  as  described  for  FIG.  3.  The  blot  was  probed  with  the  C-2-10  anti- 
PARP  monoclonal  antibody  followed  by  HRP-conjugated  anti-mouse  secondary 
antibody  and  visualized  with  Super  Signal  reagent.  Shown  is  a  representative  blot 
from  experiments  performed  at  least  three  times. 
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FIG.  5  NQOl  protein  expression  in  MDA-MB-468  transfectants.  Whole  cell 
extracts  were  prepared  from  exponentially  growing  parental  MCF-7:WS8  and 
MDA-MB-468  cells,  2  control  vector  alone  MDA-MB-468  transfectants  and  10 
NQOl  expression  vector  MDA-MB-468  transfectants.  Equal  amounts  of  protein 
were  analyzed  by  standard  western  blot  techniques  as  described  above  using  anti- 
NQOl  as  described  for  Fig.  4.  Shown  is  a  representative  blot  from  experiments 
performed  at  least  three  times. 


FIG.  6  NQOl  expression  sensitizes  cells  to  acute  6-lap  cytotoxicity.  In  A: 
Acute  6-lap  toxicity  was  determined  using  the  control  vector  MDA-MB-468 
transfectant,  (clone  Vec-3)  and  5  NQOl  vector-containing  MDA-MB-468 
transfectants,  as  described  in  Fig  2.  Note  that  clone  NQ-2  showed  no  measurable 
NQOl  expression  (Fig.  5  and  Table  II).  Cells  were  exposed  to  a  4  h  pulse  of  a 
range  of  6-lap  doses  either  alone  ( -*0"  )  or  with  50  pM  dicoumarol  (  )  and 

then  allowed  to  grow  for  an  additional  7  days,  at  which  time  DNA  content  for 
treated  (T)  cells  was  measured  and  plotted  relative  to  control  (C)  cells.  In  B:  Vec-3 
(  ■  ;  ),  NQ-1  (  A  ;  -■•A-  )  and  NQ-3  (  — ;  --O"  )  cells  were 

treated  with  a  4  h  pulse  of  a  range  of  6-lap  doses  alone  (— B—  ;  A  ;  — )  or 
with  50  pM  dicoumarol  (•■□";  --A"  ;  "O"  ).  Overall  survival,  as  assessed  by 
colony  forming  ability,  was  measured  after  10  days  growth  in  control  media. 
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Shown  is  a  representative  graph  from  experiments  performed  at  least  three  times 
with  each  group  consisting  of  at  least  triplicate  determinations.  Differences 
between  treatments  were  compared  using  a  two-tailed  student’s  t-test  for  paired 
samples  and  groups  having  p<0.01  compared  with  6-lap  or  dicoumarol  alone  are 
indicated  by  an  asterisk  *. 

FIG.  7  Acute  6-lap-mediated  apoptosis  requires  NQOl  activity.  DNA 
fragmentation  was  assessed  using  the  TUNEL  assay,  as  described  in  “Experimental 
Procedures”.  Cells  were  exposed  to  a  4  h  pulse  of  6-lap  alone  or  in  combination 
with  50  pM  dicoumarol  and  TUNEL  assays  were  performed  to  monitor  apoptosis 
44  h  later  using  the  APO-DIRECT™  Kit.  Data  were  analyzed  using  an  EPICS 
Elite  ESP  flow  cytometer.  Shown  are  the  results  of  one  experiment  representative 
of  at  least  three  independent  assays. 

FIG.  8  NQOl  expression  sensitizes  cells  to  6-lap-mediated  apoptotic 
proteolysis  and  inhibits  menadione-mediated  apoptotic  proteolysis.  Apoptotic 
proteolysis  was  measured  in  cells  exposed  to  a  4  h  pulse  of  8  pM  6-lap  alone  (6),  8 
pM  Menadione  alone  (M)  or  in  combination  with  50  pM  dicoumarol  (6  -i-  D;  &  M 
+  D).  Whole  cell  extracts  were  prepared  44  h  after  drug  treatment  and  analyzed 
using  standard  western  blot  techniques.  In  A:  PARP  cleavage  was  assessed  using 
the  C-2-10  monoclonal  antibody,  the  blots  were  then  stripped  and  reprobed  with 
the  anti-NQOl  antibody.  In  B:  cells  were  treated  with  either  6-lap  or  menadione 
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for  4  h  and  then  probed  with  a  p53  antibody  (DO-1).  Equal  protein  loading  was 
assessed  by  Ponceau  S  staining  as  described  in  Experimental  Procedures.  Shown  is 
a  representative  blot  from  experiments  performed  at  least  three  times. 


FIG.  9  6-Lap-mediated  NADH  oxidation  and  futile  cycling  by  NQOl- 
containing  cell  extracts.  S9  extracts  prepared  from  MCF-7:WS8  cells  served  as  a 
source  for  NQOl  and  were  mixed  with  500  pM  NADH  in  50  mM  Tris-HCl,  pH 
7.5,  as  described  in  Experimental  Procedures.  Reactions  were  initiated  by  adding 
6-lap  or  menadione  and  changes  in  absorbance  at  340  nm  (NADH  absorbs  at  340, 
NAD-h  does  not)  were  measured  over  time  for  10  min.  Total  loss  of  NADH  was 
then  calculated  and  divided  by  the  concentration  of  6-lap  or  menadione  used.  This 
ratio  was  then  plotted  as  a  function  of  6-lap  or  menadione  concentration.  Shown  is 
a  representative  graph  from  experiments  repeated  at  least  two  times. 

FIG.  10  Proposed  model  for  6-lapachone-mediated  cytotoxicity  in  cells 
expressing  NQOl.  In  cells  which  express  NQOl,  the  1,2  naphthoquinone  6-lap(Q) 
is  reduced  to  the  hydroquinone  form  (6-lap(HQ))  using  1  molecule  of  NADH  per 
reaction.  The  hydroquinone  form  of  6-lap  is  presumably  unstable  and 
spontaneously  autooxidizes  to  it’s  original  parent  form,  likely  through  a 
semiquinone  intermediate  (6-Lap  (SQ*),  which  can  cause  redox  cycling  and 
oxidative  stress.  The  regenerated  parent  compound  can  then  serve  as  substrate  for 
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another  round  of  reduction.  This  Futile  cycle  causes  a  rapid  and  severe  loss  in 
reduced  NAD(P)H,  which  ultimately  activates  of  calpain  by  mechanisms  which  are 
not  completely  understood  at  present. 
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Table  I 


Enzyme  Activities  (nmol/min/mg)* 


Cell  Line 


NADHrcytochrome  NADPH:cytochromeP-450  re 


bj  reductase 


MCF-7:WS8 

2,640.9  ±555.1 

80.6  ±17.8 

27.0  ±  5.0 

MDA-MB-231 

ND* ** 

97.5  ±  30.9 

33.3  ±  13.0 

T47D:A18 

82.1  ±17.1 

131.3  ±34.5 

31.5  ±1.0 

MDA-MB-468 

ND 

100.5  ±  11.2 

30.9  ±  7.6 

*  Units  are  nanomoles  of  cytochrome  c  reduced  per  minute  per  milligram  of  protein. 

**  ND  =  NQOl  not  detected.  The  difference  in  the  rate  of  cytochrome  c  reduction  with  and  without  dicoumarol  was  not 
statistically  significant,  based  on  Student's  t-test. 

Values  represent  averages  for  two  or  more  separate  S9  preparations,  ±  SD. 
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Stress-induced  activation  of  sphingomyelinase  (SMase) 
leading  to  generation  of  ceramide,  a  lipid  mediator, 
has  been  associated  with  apoptosis  in  several  malig¬ 
nant  and  nonmalignant  cell  lines.  Photodynamic  ther¬ 
apy  (PDT),  with  the  phthalocyanine  photosensitis^r 
Pc  4  [HOSiPcOSi(CH,),(CH,),N(CH,)  J,  is  an  oxidative 
stress  associated  with  increased  ceramide  generation 
and  subsequent  induction  of  apoptosis  in  various  cell 
types.  We  assessed  the  role  of  SMase  in  photocytotox¬ 
icity.  Normal  human  lymphoblasts  accumulated  cer¬ 
amide  and  underwent  apoptosis  after  Pc  4-PDT.  In 
contrast,  Niemann-Pick  disease  (NPD)  lymphoblasts, 
which  are  deficient  in  acid  sphingomyelinase  (ASMase) 
activity,  failed  to  reload  to  Pc  4-PDT  with  ceramide 
accumulation  and  apoptosis,  suggesting  that  ASMase 
may  be  a  Pc  4-PDT  target.  NPD  lymphoblasts  were 
exposed  to  exogenous  bacterial  sphingomyelinase 
GiSMase)  to  test  whether  these  defects  are  reversible. 
Treatment  of  NPD  cells  with  bSMase  itself  led  to  ele¬ 
vated  ceramide  formation,  which  did  not  translate 
into  induction  of  apoptosis.  However,  a  combination  of 
Pc  4-PDT  -1-  bSMase  induced  a  significant  apoptotic 

’  Corresponding  author.  Department  of  Radiation  Oncology, 
School  of  Me^dne  (BRB-3E),  Case  Western  Reserve  University, 
10900  Euclii^tAvenue,  Cleveland,  Ohio  44106'49i2.  Fax:  216-368- 
1142.  E-mail:  dxs66@ix>.cwru.edu. 

Abbreviations:  ASMase,  acid  sphingomyelinase;  bSMase,  bacterial 
sphingomyelinase;  C2-ceramide,  N-acetyl  sphii^osine;  DAG,  143- 
diacyl  glycerol;  DMF,  dimethyl  formamide;  EBV,  Epstein-Barr  vi¬ 
rus;  FBS,  heat-inactivated  fetal  bovine  serum;  FITC,  fluorescein 
isothiocyanate;  LED,  light-emitting  diode  array;  LY-R,  LB178Y-R 
mouse  lymphoma  cells;  NSMase,  neutral  sphingomyelinase;  NPD, 
Niemann-Pick  disease;  PAGE,  polyacrylamide  gel  electrophoresis; 
PBS,  phosphate-buffered  saline;  PDT,  photodynamic  therapy  PI, 
propidium  iodide;  ROS,  reactive  oxygen  species;  SAPK/JNK,  stress- 
activated  protein  kinase/c-Jun  N-terminal  kinase;  SDS,  sodimn  do- 
decyl  sulfate;  SMase,  sphingomyelinase;  TdT,  terminal  deoxynucleo- 
tidyl  transferase;  TLC,  thin  layer  chromatography;  TNF-o,  tumor 
necrosis  factor-a. 


response.  Thus,  the  combined  treatment  of  Pc  4-PDT  -f 
bSMase,  rather  than  bSMase  alone,  was  required  to 
restore  apoptosis  in  NPD  cells.  These  data  support  the 
hypothesis  that  SMase  is  a  proapoptotic  factor  deter¬ 
mining  responsiveness  of  cells  to  Pc  4-PDT.  o  isss 
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Key  Words:  acid  sphingomyelinase;  apoptosis;  cer¬ 
amide;  Pc  4;  phthalocyanine. 


Photodynamic  therapy  is  a  cancer  treatment  that 
uses  a  photosensitizer,  light  and  oxygen  to  generate 
singlet  oxygea,  as  well  as  other  reactive  oxygen  species 
(ROS).  The  formation  of  ROS  in  cellular  targets  results 
in  cell  death  and  tmnor  ablation  (1).  PDT,  as  an  oxida¬ 
tive  stress,  initiates  apoptosis  in  vitro  (2)  and  in  vivo 
(3).  Stress  inducers,  such  as  tmnor  necrosis  factor-a, 
ionizing  or  UV  radiation,  heat  shock,  and  H2O2,  initiate 
apoptosis  via  ceramide  generation  (4—6).  We  have 
demonstrated  that  Pc  4-photodynamic  treatment  of 
LY-R  mouse  lymphoma,  U937  hmnan  leukemia,  or 
CHO  Chinese  hamster  ovary  cells  leads  to  elevated 
intracellular  ceramide  levels  and  subsequent  induction 
of  apoptosis.  Fmihermore,  exogenous  cell-permeable 
C2-ceramide  mimics  the  effect  of  Pc  4-PDT,  as  evi¬ 
denced  by  DNA  fragmentation  in  these  cells  (7,  8). 

Sphingomyelinase  (SMase),  the  enzyme  that  cata¬ 
lyzes  the  initial  step  in  the  sphingomyelin  pathway, 
can  be  activated  in  response  to  pro-apoptotic  stimuli, 
resulting  in  the  generation  of  ceramide  (9).  Several 
isoforms  of  SMase  have  been  identified,  two  of  which 
have  been  cloned  (10,  11).  The  enzymes  are  distin¬ 
guished  based  upon  their  pH  optima,  cellular  localiza¬ 
tion  and  cation  dependence  (12).  Acid  sphingomyeli¬ 
nase  (ASMase)  requires  zinc  for  its  activity  and  can  be 
found  in  lysosomes  or  be  secreted,  depending  on  post- 
translational  processing  (13,  14).  ASMase,  as  well  as 
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neutral  SMase  (NSMase),  have  been  associated  with 
apoptosis  in  a  variety  of  cells  involving  various  recep¬ 
tors.  However,  in  human  lymphoblasts  ASMase  alone 
appears  to  be  involved  in  apoptosis  induced  by  ionizing 
radiation  and  Fas  (15, 16).  To  test  the  role  of  SMase  in 
Pc  4-PDT-induced  apoptosis,  cultured  Niemann-Pick 
disease  (NPD)  human  lymphoblasts  were  used.  NPD  is 
an  autosomal  recessive  disorder  caused  by  loss-of- 
function  mutations  within  the  ASMase  gene  (10).  We 
demonstrate  that  ASMase  deficiency  correlates  with 
suppressed  ceramide  generation  and  apoptosis  after  Pc 
d-PDT.  The  defect  in  apoptotic  response  is  reversed  by 
the  combined  treatment  of  Pc  4-PDT  and  bacterid 
sphingomyelinase  (bSMase). 

MATERIALS  AND  METHODS 

Materials.  The  phthal<X7anine  photosensitizer  Pc  4,  HOSiPcOSi- 
(CHi)3(CH,),N(CHi)]  (17),  was  supplied  by  Drs.  Ying-^  Li  and 
Malcolm  E.  Kenney  (Department  of  Chemistiy,  Case  Western  Re¬ 
serve  University).  E.  coli  8n-l,2-DAG  kinaae  were  from  Calbio<diem 
(La  Jolla,  CA),  while  sphingomyelinase  (S.  aureus)  was  finm  Sigma 
(St  Louis,  MO).  [y-”P)ATP  (4500  Ci/mmol)  was  from  ICN  (Irvine, 
CA).  The  cell  culture  media  were  supplied  by  Gibco-BRL  (Gaithers¬ 
burg,  MD),  while  fetal  bovine  serum  was  from  Inteigen  (Purchase, 
NY).  The  C-2-10  PARP  monoclonal  antibody  was  purchased  finm 
Enzyme  Systems  Products  (Dublin,  CA).  The  horseradish  jieroxi- 
dase-coqjugated  secondaiy  antibody  was  obtained  from  Santa  Cruz 
Biotechnologies  (Santa  Cruz,  CA).  All  other  chemicals  were  purchased 
from  Fisher  Scientific  (Pittsburgh,  PA).  TLC  plates  (aluminum 
sheets  of  silica  gel  60)  were  from  EM  Industries  (Gibbstown,  NJ). 

Cell  culture  and  trealrnenls.  Both  normal  and  NPD  human  lym¬ 
phoblasts  (MS1418)  were  Epstein-Barr  virus  (EBVTtransformed 
and  were  kindly  provided  by  Drs.  Edward  H.  Schuchman  and  Adri¬ 
ana  Haimovitz-Friedman.  The  cells  were  cultured  in  RPMI  1640 
supplemented  with  6  mM  L-gluUunine  ami  15%  heat-inactivated 
fetal  bovine  serum  (FBS).  The  cells  were  grown  in  T-25  flasks  main¬ 
tained  upright  at  ST’C  under  5%  CO,  and  were  subcultured  twice 
weekly  at  a  density  of  2  X  10‘AnL.  The  lymphoblasts  were  not 
maintained  in  continuous  culture  for  more  than  two  months.  For 
experiments,  an  aliquot  of  a  stock  solution  of  Pc  4  (0.5  mM  in  DMF) 
was  added  to  the  cells  (5  X  10')  in  T-25  cultme  flasks  containing  10 
mL  of  a  low  serum  medium  (1%  FBS  RPMI)  to  give  the  desired 
concentration  of  200  nM.  After  overnight  incubation,  the  cells  were 
irradiated  using  an  LED  array  (EFOS,  Mississauga,  Ontario,  Can¬ 
ada;  Amu  ~670-676  nm)  and  then  incubated  at  37°C  for  desired 
periods  of  time  before  harvest.  In  experiments  in  which  bSMase  was 
used,  the  enzyme  was  added  to  the  cells  in  0.1%  FBS  +  RPMI 
meditun.  Men^rane  integrity  of  either  of  the  two  cell  lines  was  not 
significantly  auected  by  the  treatments,  as  assessed  by  trypan  blue 
dye  exclusion. 

TUNEL  assay  (APO-DIRECT)  and  flow  cytometry.  The  proce¬ 
dures  for  cell  fixation  and  staining  with  fluorescein  isothiocyanate 
(FlTC)/dUTP,  using  terminal  deoxynucleotidyl  transferase  (TdT), 
and  propidium  iodide  (PI),  were  performed  according  to  the  manu¬ 
facturers  instructions  (Phoenix  Flow  Systems,  San  Diego,  CA).  Cells 
were  analyzed  by  an  EPICS  ESP  flow  cytometer  (Coulter  Corp., 
Hialeah,  FL)  in  the  Flow  Cytometry  Facility  of  the  Case  Western 
Reserve  University/Ireland  Comprehensive  Cancer  Center.  Fluores¬ 
cence  measurements  were  made  using  the  following  parameters:  488 
nm  (excitation),  520  run  (Fluorescein  emission)  and  623  run  (PI 
emission).  Data  analjrsis  was  performed  using  version  4.1  of  the 
instrument  software. 


Measurement  of  ceramide  level.  Ceramide  mass  was  determined 
by  the  DAG  kinase  assay  as  described  previously  (8).  Following  Pc 
4-PDT  treatment  and  incubations,  cells  were  extracted  with  2  mL 
chloroformAuethanol/1  M  HCl  (500/500/5,  vArAr).  Lipids  in  the  lower 
phase  were  dried  under  nitrogen  and  subjected  to  alkaline  hydrolysis 
(0.1  M  methanolic  KOH  for  1  h  at  37°C)  to  remove  glycerophospholipids. 
Samples  were  reextracted,  and  lipids  firom  the  chloroform-phase  extract 
were  quantified  by  the  DAG  kinase  reaction.  Ceramide  was  resolved  by 
TLC  using  chloroformAnethanol/acetone/glacial  acetic  acid  (50/15/20/10, 
v/v),  and  quantified  using  a  Phosphorlmager  445  SI  (Molecular  Dynam¬ 
ics,  Sunnyvale,  CA)  and  by  comparison  to  a  concomitantly  run  stmidard 
curve  comprised  of  known  amounts  of  ceramide. 

Western  immundblot  analyses.  Whole  cell  extracts  were  prepared 
by  direct  lysis  of  PBS-washed  cells  in  lysis  buffer  [6  M  urea,  2%  SDS, 
10%  glycerol,  62.5  mM  Tiis-HCl  (pH  6.8)],  sonicated  with  a  fifteen 
second  burst  using  a  Fisher  550  Sonic  dismembrator.  Equal  amounts 
of  protein  were  heated  at  65*C  for  10  min  and  separated  by  10% 
SDS-PAGE.  Separated  proteins  were  transferred  to  Immobilon-P 
(Millipore,  Bedford,  MA)  membranes  using  a  Multiphor  H  semi-diy 
electroblotting  device  (Pharmacia  Biotech,  Piscataway,  NJ)  accord¬ 
ing  to  the  manufacturer’s  instructions.  Loading  equivalence  and 
transfer  efficiency  were  monitored  by  Ponceau  S  staining  of  trans¬ 
ferred  membranes.  Standard  western  immtmoblotting  techniques 
were  used  to  probe  for  PARP  levels  as  previously  described  (18). 
Proteins  of  interest  were  visualized  with  ECL  using  the  Sux)er  Signal 
chemiluminescence  reagent  (Pierce,  Rockford,  IL)  at  20°C  for  5  min. 
Membranes  were  exposed  to  X-ray  film  and  developed. 

Cellular  uptake  of  Pc  4.  Following  a  15-h  incubation  in  0.1% 
FBS-RPMI  containing  [’'C]  Pc  4  (200  nM;  6.35  /iCi//imol)  ±  SMase 
(500  mUAnL),  cells  (2.5  X  10')  were  harvested,  counted  by  hemocy- 
tometer,  and  collected  on  a  glass  fiber  filter  (Gelman  Scientific,  Aim 
Arbor,  MI).  The  filters  were  allowed  to  dry  and  were  placed  in 
scintillation  vials.  The  radioactivity  was  counted  in  a  L3801  Beck¬ 
man  Liquid  Scintillation  Counter  (Fullerton,  CA). 

Statistics.  Statistical  analyses  were  performed  by  Student  /-test 
and  Mann-Whitney  test. 

RESULTS  AND  DISCUSSION 

The  apoptotic  response  of  the  two  lymphoid  cell  lines 
to  Pc4-PDT  was  assessed  using  the  TUNEL  assay  and 
flow  cytometry.  Pc4-PDT  induced  a  dose-  and  time- 
dependent  increase  in  apoptosis  in  normal  lympho¬ 
blasts  (Fig.  1).  Apoptosis  was  not  detected  before  2  h  at 
the  lowest  PDT  dose  (200  nM  Pc  4  +  45  mJ/cm*;  data 
not  shown)  and  was  maximal  by  6  h  at  the  highest  PDT 
dose  (200  nM  Pc  4  +  90  mJ/cm“;  data  not  shown).  In 
contrast,  apoptosis  was  significantly  suppressed  in  the 
NPD  cells  after  Pc  4-PDT.  An  increase  in  the  NPD 
apoptotic  cell  population  was  only  detected  at  the  high¬ 
est  PDT  dose  (200  nM  Pc  4  +  90  mJ/cm*)  6  h  after 
treatment.  Curiously,  the  apoptotic  response  of  the 
normal  human  lymphoblasts  to  ionizing  radiation  (15) 
and  Pc  4-PDT  was  different,  since  (i)  the  peak  effect 
induced  by  radiation  and  Pc  4-PDT  in  these  cells  was 
approximately  40  and  90%,  respectively,  and  (ii)  the 
onset  of  the  process  was  detected  by  8  and  2  h,  respec¬ 
tively.  The  data  indicate  that  Pc  4-PDT  is  a  more 
effective  inducer  of  apoptosis  than  ionizing  radiation. 
These  differences  suggest  potential  vmderlying  mecha¬ 
nistic  differences  between  radiation-  and  Pc  4-PDT- 
induced  apoptosis. 
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FIG.  1.  Pc  4-PDT-induced  apoptosis  in  nonnal  or  NPD  lymphoblasts.  The  cells  were  exposed  to  red  light  (45, 67,  or  90  mj/cm')  15  h  after 
addition  of  Pc  4,  then  harvested  for  assay  2,  4,  or  6  h  later.  Controls  consisted  of  treatment  with  red  light  only,  Pc  4  only  or  no  treatment. 
Viability  of  cells  was  unafiiected  by  light  or  Pc  4.  Data  are  shown  as  the  mean  ±  SE  for  two  to  six  independent  determinations.  At  the 
indicate  times  postirradiation,  cells  were  collected,  and  analyzed  for  FITC/dllTP  incorporation  and  PI  staining  by  flow  c^ytometiy.  Con, 
untreated  control;  *,  significantly  difierent  from  corresponding  untreated  control  (P  <  0.03,  Mann-Whitney  test). 


To  assess  whether  the  deficienty  in  apoptosis  in  NPD 
cells  correlated  with  alterations  in  ceramide  formation, 
the  kinetics  of  ceramide  generation  in  response  to  Pc 
4-PDT  were  measured  in  both  cell  lines.  Following 
exposure  of  normtd  lymphoblasts  to  PDT  (200  nM  Pc 
4  +  67  mJ/cm*),  ceramide  was  elevated  above  control 
levels  by  66,  67,  39  and  24%  at  6, 10,  15,  and  30  min, 
respectively  (Fig.  2).  However,  ceramide  accumulation 
was  significantly  suppressed  in  NPD  cells  after  Pc 
4-PDT.  Since  NPD  lymphoblasts  have  a  normal  level  of 
NSMase  activity  (15)  and  express  only  2%  or  less  re¬ 
sidual  ASMase  activity  (15),  our  data  indicate  that 
abnormalities  in  apoptosis  and  ceramide  generation  in 
these  cells  post-Pc  4-PDT  correlate  with  the  loss  of 
ASMase  function.  These  resvilts  agree  with  the  similar 
defects  observed  in  NPD  cells  in  response  to  ionizing 
radiation  (16).  By  contrast,  Boesen-deCock  et  ah  (19) 
showed  th^t  ASMase  is  not  required  in  anti-Fas- 
induced  c^amide  formation  and  apoptosis  in  NPD 
cells.  Perhaps  the  difference  in  the  responses  to  two 
different  stimuli,  radiation  and  anti-Fas,  is  due  to  phe¬ 
notypic  changes  that  can  occiu'  upon  continuous  in 
vitro  culture  of  NPD  cells  (19). 

Treatment  of  cells  with  bSMase  results  in  generation 
of  ceramide  with  a  subsequent  restoration  of  the  lost 
ceramide  responses,  such  as  apoptosis  (20).  To  test  if 
bSMase  can  restore  apoptosis  in  NPD  lymphoblasts 
after  Pc  4-PDT,  the  cells  were  treated  with  the  exoge¬ 
nous  enzyme.  \^ile  bSMase  alone  (50  mU/mL)  did  not 
induce  apoptosis,  the  combined  treatment,  bSMase  + 


Pc  4-PDT,  initiated  the  process  in  a  PDT  dose- 
dependent  fashion  in  NPD  cells  (Fig.  3A).  Similar  re¬ 
sults  were  also  obtained  in  the  presence  of  higher  doses 
of  bSMase  (300  or  600  mU/mL)  ±  Pc  4-PDT  (data  not 
shown).  In  normal  cells,  in  contrast  to  Pc  4-PDT, 
bSMase  itself  (60  mU/mL),  did  not  induce  apoptosis.  In 
the  presence  of  both  treatments  the  extent  of  apoptosis 
was  not  further  increased.  The  combined  treatment 
was  more  effective  in  generating  an  apoptotic  cell  pop¬ 
ulation  in  normal  lymphoblasts  than  in  NPD  cells. 
Perhaps  ASMase  is  a  critical  Pc  4-PDT  target  for  the 
induction  of  apoptosis,  and  the  absence  of  a  fvmctional 
ASMase  in  NPD  cells  may  accoimt  for  the  observed 
difference. 

We  then  examined  whether  the  synergistic  apoptotic 
response  to  the  combined  treatment  of  Pc  4-PDT+ 
bSMase  would  translate  into  altered  ceramide  forma¬ 
tion  in  NPD  cells.  bSMase  alone  induced  a  7.7-fold 
increase  in  ceramide  levels  (Fig.  3B),  without  subse¬ 
quent  apoptosis  (Fig.  3A).  Following  combined  Pc 
4-PDT  and  bSMase  treatments,  ceramide  levels  were 
elevated  to  the  same  extent  as  with  bSMase  alone  and 
apoptosis  was  induced.  In  normal  lymphoblasts 
bSMase  alone  increased  ceramide  levels  7.4-fold  above 
baseline  (Fig.  3B).  However,  exogenous  bSMase  did  not 
induce  apoptosis  (Fig.  3A),  suggesting  that  the  cer- 
amide  effectors  and  the  primary  components  of  the 
apoptotic  machinery  are  out  of  reach.  The  combined 
treatment  with  Pc  4-PDT  +  bSMase  did  not  further 
increase  ceramide  accumulation  beyond  that  observed 
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FIG.  2.  Time  course  of  ceramide  accumulation  in  response  to  Pc  4-PDT  in  normal  or  NPD  lymphoblasts.  Following  esposure  to  PDT  (200 
nM  Pc  4  +  67  mJ/cm’),  the  cells  were  incubated  for  the  indicated  times.  Lipids  were  extracted,  and  ceramide  was  measured  using  the  DAG 
kinase  assay.  The  control  ceramide  levels  in  the  normal  and  NPD  lymphoblasts  were  64  ±  11  pmol/10‘  cells  (mean  ±  SB;  n  =  31)  and  92  ± 
16  pmol/10*  cells  (mean  ±  SB;  n  =  29),  respectively.  Data  were  calculated  as  the  percentage  of  time-matched.  Pc  4-treated  controls  analyzed 
in  the  same  experiment  and  are  shown  as  the  mean  ±  SB  of  five  to  ten  separate  determinations.  *,  significantly  different  from  corresponding 
Pc  4-treated  control  (P  <  0.03,  paired  Student  t  test). 


in  the  presence  of  bSMase  alone.  Curiously,  a  smaller 
ceramide  increase,  ranging  from  35%  to  82%,  corre¬ 
lated  with  a  significant  and  a  dose-dependent  induc¬ 
tion  of  apoptosis  in  normal  cells  post-Pc  4-PDT.  Per¬ 
haps  ceramide  must  reach  a  threshold  concentration  at 
a  critical  Pc  4-PDT  target,  e.g.  the  ASMase  pool,  to 
trigger  apoptosis. 

To  confirm  the  observed  apoptotic  changes  following 
treatment,  another  apoptotic  marker  was  used. 
Cysteine-aspartate  specific  proteases  (caspases)  are 
central  mediators  of  the  late  stages  of  apoptosis  (21). 
PDT  (22),  as  well  as  ceramide  (23),  can  activate  these 
enzymes.  In  particular,  caspase-3,  the  protease  that 
cleaves  poly(ADP-ribose)  polymerase  (PARP)  into  89 
and  24  kDa  fragments  from  the  113  kDa  full-length 
peptide,  is  activated  post-PDT  (22).  Here  we  show  that 
after  treatment  of  normal  lymphoblasts  with  Pc 
4-PDT  ±  b^Mase,  PARP  cleavage  was  induced  (Fig.  4). 
In  contrast,  only  the  highest  PDT  dose  (200  nM  Pc  4  + 
90  mJ/cm®)  induced  partial  PARP  cleavage  in  NPD 
cells.  In  addition,  a  low  level  of  cleavage  product  ap¬ 
peared  following  treatment  of  NPD  cells  with  Pc 
4-PDT  +  bSMase.  However,  bSMase  itself  (60  mU/mL) 
did  not  induce  PARP  cleavage  in  either  of  the  two  cell 
lines.  These  results  are  in  agreement  with  previous 
observations  that  treatment  with  exogenous  bSMase 
did  not  cause  apoptosis  when  administered  without 
Pc  4-PDT. 

To  rule  out  .the  possibility  that  bSMase  could  have 
affected  the  uptake  of  Pc  4,  leading  to  altered  photocy¬ 


totoxicity,  both  ceU  lines  were  treated  with  [“C]  Pc  4 
(200  nM)  ±  bSMase  (600  mU/mL)  for  16  h,  and  the 
level  of  cell-associated  Pc  4  was  assessed.  Cell  uptake 
was  similar  in  the  two  cell  lines  and  was  not  altered  by 
the  presence  of  bSMase  (data  not  shown). 

The  observations  that  bSMase-induced  ceramide  ac¬ 
cumulation  did  not  result  in  apoptosis  and  that  in  NPD 
cells  a  potentiated  apoptotic  response  to  the  combined 
treatment  did  not  lead  to  altered  ceramide  generation 
beyond  that  induced  by  bSMase  itself  suggest  that  the 
effect  of  bSMase  alone  is  insufficient  to  initiate  the 
death  process.  The  inability  of  bSMase  to  induce  apop¬ 
tosis  imder  conditions  effectively  generating  ceramide 
has  been  shown  (24,  26).  Ceramide  generated  at  the 
plasma  membrane  by  bSMase  did  not  trigger  apoptosis 
probably  because:  (i)  bSMase-generated  ceramide  is 
found  in  a  plasma  membrane  compartment  that  is 
distinct  from  specialized  plasma  membrane  domains 
(caveolae)  where  the  “signaling”  ceramide  is  formed 
(26);  (ii)  ceramide  formed  by  bSMase  in  the  outer  leaf¬ 
let  of  the  cell  membrane  is  unavailable  to  intracellular 
apoptotic  effectors  (24);  or  (iii)  the  high  levels  of 
ceramide  are  converted  or  degraded  into  non-  or  anti- 
apoptotic  agents,  such  as  glucosylceramide  (27)  or 
sphingosine-l-phosphate  (28). 

The  mechanism(s)  underlying  the  synergistic  apop¬ 
totic  responses  in  NPD  cells  following  treatment  with 
Pc-4-PDT  +  bSMase  have  yet  to  be  determined.  Sev¬ 
eral  possibilities  are  suggested.  First,  Pc-4-PDT  may 
affect  membrane  fluidity  in  such  a  way  that  flipping  of 
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FIG.  8.  effect  of  Pc  4-PDT  ±  bacterial  sphingomyelinase  (bSMase)  on  the  induction  of  apoptosis  (A)  or  ceramide  accumulation  (B) 
in  normal  or’^PD  lymphoblasts.  Following  a  16  h  exposure  to  Pc  4  (200  nM)  ±  bSMase  (60  mUAnL),  the  cells  were  irradiated  at  the  indicated 
fluences,  and  then  incubated  for  6  h  (A)  or  10  min  (B).  Cells  were  collected,  and  then  analyzed  for  FITC/dUTP  incoipbration  and  PI  staining 
by  flow  qdometiy  (A)  or  ceramide  accumulation  by  the  DAG  kinase  assay  (B).  Data  are  shown  as  the  mean  ±  SE  for  three  to  nine  independent 
determinations.  (A)  Con,  untreated  control;  *,  significantly  different  irom  corresponding  untreated  control  (P  <  0.04,  Mann-Whitney  test). 
(B)  ♦,  significantly  different  from  corresponding  Pc  4-treated  control  (P  <  0.05,  paired  Student  t-test). 


ceramide  from  the  outer  to  the  inner  leaflet  is  facili¬ 
tated,  allowing  the  lipid  interaction  with  the  down¬ 
stream  targets  involved  in  signaling  and/or  execution 
of  apoptosis.  Second  possibility  is  that  ceramide  gener¬ 
ation  does  not  suffice  for  triggering  apoptosis  eind  that 
additional  signals  are  needed  (e.g.,  ROS)  to  induce  the 
death  machineiy.  Conversely,  positive  feedback  loops 


may  have  to  be  activated,  i.e.  ceramide  stimulates  ROS 
production  (29),  and  ROS  in  turn  activates  ceramide 
formation  leading  ultimately  to  initiation  of  apoptosis. 

The  hypothesis  that  ceramide  sisals  Pc-4-PDT- 
induced  apoptosis  in  normal  human  lymphoblasts  is 
supported  by  the  observation  of  an  early  rise  (i.c.,  6  min 
after  PDT)  in  ceramide  levels  that  preceded  the  ap- 
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FIG.  4.  PARP  cleavage  in  normal  or  NPD  lymphoblasts  after  Pc  4-PDT  ±  bacterial  sphingomyelinase  (bSMase)  treatment.  Following  a 
15  h  treatment  with  Pc  4  (200  nM)  ±  bSMase,  the  cells  were  irradiated  at  the  indicated  fluences,  and  then  incubated  for  6  h.  Cells  were 
collected  and  analyzed  for  PARP  cleavage.  Similar  data  were  obtained  in  two  additional  experiments. 


pcarance  of  apoptotic  cells  (2  h  post-PDT).  Similar  data 
were  obtained  for  other  cells  (7,  8).  If  ceramide  medi¬ 
ates  apoptosis  in  response  to  Pc-4-PDT,  the  down¬ 
stream  targets  of  ceramide  need  to  be  identified.  PDT, 
like  other  stresses  (15,  30),  stimulates  the  SAPK/JNK 
cascade  (31).  Thus,  the  SAPK/JNK  signaling  pathway 
may  play  a  role  in  Pc-4-PDT-induced  ceramide- 
mediated  apoptosis.  In  addition,  a  variety  of  evidence 
implicates  mitochondrial  damage  and  the  release  of 
c3inchrome  c  as  key  events  in  PDT-induced  apoptosis 
(22).  Ceramide  may  participate  by  enhancing  the  level 
of  oxidative  damage  to  mitochondria  (32). 

Caspases  are  potential  downstream  ceramide  tar¬ 
gets,  since  apoptosis  is  blocked  by  caspase  inhibition, 
while  induced  ceramide  accumvilation  is  not  (20,  33). 
These  findings,  however,  have  been  challenged  by  ob¬ 
servations  that  caspase  inhibitors  can  prevent  accumu¬ 
lation  of  the  lipid  (34).  More  direct  studies  using 
caspase  knockout  models,  are  required  to  assess  the 
role  of  ceramide  in  caspase  activation  and  subsequent 
apoptosis. 

Tiie  aim  of  the  present  study  was  to  assess  the  role  of 
SMase  in  Pc  4  photoi^ytotoxicity.  The  data  suggest  that 
ASMase  may  be  a  Pc  4-PDT  target,  since  ceramide 
formation  correlates  with  Pc-4-PDT-induced  apoptosis 
in  normal,  lymphoblasts,  but  not  in  NPD  cells.  The 
attempt  tA  reverse  the  abnormalities  in  NPD  cells  us¬ 
ing  bSMase  led  to  potentiated  apoptosis  without  aug¬ 
mented  ceramide  generation  beyond  that  induced  by 
bSMase  alone.  These  novel  observations  are  consistent 
with  the  notion  that  SMase  is  a  proapoptotic  factor 
determining  responsiveness  of  cells  to  ]Pc4-PDT.  More 
extensive  investigations  using  other  photosensitizers 
are  required  to  test  whether  ASMase  is  a  general  pho- 
tocytotoxic  target.  Further  and  more  direct  elucidation 
of  the  role  of  SMase  in  PDT  cytotoxicity  may  suggest 
methods  to  improve  the  therapeutic  efficacy  of  the 
treatment. 
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ABSTRACT 

HeLa  X  human  skin  fibroblast  hybrid  cells  have  been  developed  into  a 
model  for  radiation-induced  neoplastic  transformation  of  human  cells. 
Previous  studies  indicate  that  the  appearance  of  neoplastically  trans¬ 
formed  foci  in  this  system  is  delayed  for  several  population  doublings  after 
irradiation  and  appears  to  involve  the  loss  of  putative  tumor  suppressor 
loci  on  fibroblast  chromosomes  11  and  14.  We  now  show  that  after 
treatment  with  7  Gy  of  X-rays,  transformed  foci  initiation  correlates  with 
delayed  apoptosis  initiated  in  the  progeny  of  the  irradiated  cells  after 
10-12  cell  divisions  and  with  reduced  plating  efficiency  (delayed  death). 
The  cells  develop  classic  apoptotic  morphology,  positive  terminal  de- 
oxynucleotidyl  transferase-mediated  nick  end  labeling  and  phosphatidyl- 
serine  (annexin  V)  staining,  and  eleavage  of  poly(ADP-ribose)  polymerase. 
In  addition,  a  delayed  induction  of  the  p53  protein  and  the  proapoptotic 
Bax  protein  is  evident  over  a  week  after  radiation  exposure.  We  propose 
that  a  delayed  build-up  of  mitosis-dependent  genomic  DNA  damage  or  a 
loss  of  genetic  material  over  time  (10-12  cell  divisions  postirradiation)  has 
two  relevant  outcomes;  (a)  cell  death  due  to  the  delayed  induction  of  a 
pS3-dependent  apoptosis;  and  (b)  neoplastic  transformation  of  a  minor 
subset  of  survivors  that  has  lost  fibroblast  chromosomes  11  and  14  (tumor 
suppressor  loci  for  this  system)  and  has  either  evaded  apoptosis  or  not 
acquired  enough  genetic  damage  to  induce  apoptosis.  It  is  postulated  that 
both  phenomena  result  from  X-ray-induced,  translesion-mediated 
genomic  instability. 

INTRODUCTION 

Loss  of  heterozygosity  of  tumor  suppressor  loci  has  been  proposed 
to  be  involved  in  radiation-induced  neoplastic  transformation  of  hu¬ 
man  cells  (1-6).  Human  hybrid  cells  have  proven  useful  for  the 
identification  of  tumor  suppressor  loci  and  have  been  subsequently 
developed  into  a  model  of  radiation-induced  neoplastic  transformation 
in  vitro  (7-10).  Radiation-induced,  neoplastically  tran.sformed  cell 
lines  from  irradiated  CGLl  human  HeLa  X  fibroblast  hybrid  cells 
have  been  isolated  and  characterized  (5,  6,  9,  11).  Loss  of  heterozy¬ 
gosity  at  putative  tumor  suppressor  loci  located  on  chromosomes  1 1 
and  14  of  fibroblast  origin  correlates  strongly  with  radiation-induced 
neoplastic  transformation  of  the  hybrid  cells  (5,  6).  The  mechanism  of 
loss  of  these  tumor  suppressor  loci  on  chromosomes  1 1  and  14  is 
important  for  understanding  IR^’-induced  carcinogenesis. 

We  have  previously  shown  that  the  appearance  of  IR-induced 


ReceiveeJ  2/8/99;  accepted  6/18/99. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advenisement  in  accordance  with 
18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

'  Supported  primarily  by  in-house  grants  from  the  Department  of  Radiation  Oncology, 
Indiana  University  School  of  Medicine  (to  M.  S.  M.).  Other  support  for  this  work  was 
provided  by  Grant  DE-FG02-91ER6 1256-03  from  the  Department  of  Energy  (to  D.  A.  B.) 
and  a  Department  of  the  Army,  Department  of  Defense  Human  Breast  Cancer  Fellowship 
(to  J.J.  P.). 

^  To  whom  requests  for  reprints  should  be  addressed,  at  Radiation  and  Cancer  Biology 
Laboratory,  Department  of  Radiation  Oncology,  975  West  Walnut  Street,  IB-346,  Indiana 
University  School  of  Medicine,  Indianapolis,  IN  46202.  Phone:  (317)  278-0404;  Fax: 
(317)  278-0405;  E-mail:  mmcndonc@iupui.edu. 

The  abbreviations  used  are:  IR,  ionizing  radiation  (X-rays);  DAPl,  diamidino-2- 
phcnylindolc;  lAP,  intestinal  alkaline  phosphatase;  PARP,  poly(ADP-ribosc)  polymerase; 
PE,  plating  efficiency;  PS,  phosphatidylserine;  TUNEL,  terminal  deoxynucleotidyl  trans¬ 
ferase-mediated  nick  end  labeling:  PI,  propidium  iodide. 


neoplastically  transformed  foci  using  CGLl  hybrid  cells  takes  several 
population  doublings  to  develop,  with  no  foci  appearing  for  several 
days  after  irradiation,  followed  by  a  gradual  random  appearance  of 
foci  over  time  (5,  6,  12),  This  suggests  that  IR-induced  neoplastic 
transformation  is  not  the  result  of  immediate  damage  and  the  loss  of 
chromosome  1 1  and  14  suppressor  genes  but  rather  the  consequence 
of  some  kind  of  delayed  onset  genetic  instability  that  may  take  several 
population  doublings  to  develop  after  irradiation  (12,  13).  Similar 
mechanisms  of  neoplastic  carcinogenesis  after  IR  treatment  have  been 
proposed  by  others  but  have  not  been  demonstrated  directly  in  a 
neoplastic  transformation  system  (14,  15). 

Because  our  analysis  indicated  that  the  appearance  of  neoplastically 
transformed  foci  is  delayed,  we  investigated  the  growth  kinetics  of  the 
cells  to  search  for  other  indications  of  instability  in  the  progeny  of 
CGLl  cells  that  have  survived  IR.  Growth  curve  analysis  of  CGLl 
cells  from  the  neoplastic  transformation  assay  flasks  showed  that  both 
irradiated  and  control  cells  established  a  high-density  plateau  phase  in 
transformation  flasks  by  day  10(12, 16).  However,  viability  studies  of 
irradiated  and  control  CGLl  cells  from  the  neoplastic  transformation 
assay  flasks  performed  by  replating  of  the  cells  to  determine  PE 
indicated  that  the  progeny  of  the  irradiated  cells  never  recover  to  the 
unirradiated  control  PEs  of  60-85%  (12,  13,  16),  Instead,  they  ini¬ 
tially  recover  to  35-45%  PE  by  day  9,  level  off  for  2  days,  and  then 
steadily  decline  from  days  1 2-1 8  after  irradiation.  The  delayed  loss  of 
PE  in  the  progeny  of  irradiated  cells  weeks  to  months  after  treatment 
has  been  attributed  to  the  expression  of  delayed  death  or  lethal 
mutations  (12,  16-19).  We  and  others  proposed  that  the  expression  of 
delayed  death  is  a  result  of  genomic  instability  (12,  20-22).  Whether 
delayed  death  is  a  consequence  of  an  increase  in  mitotic  or  necrotic 
cell  death  in  the  irradiated  cell  progeny  or  perhaps  the  result  of  the 
delayed  onset  of  apoptosis  remained  to  be  investigated. 

In  this  report,  we  demonstrate  that  the  failure  of  progeny  of  the 
irradiated  CGLl  cells  to  reach  the  control  PE  levels,  due  to  a  leveling 
off  and  reduction  in  PE,  correlates  with  the  onset  of  a  delayed 
apoptosis.  The  data  indicate  that  apoptotic  cells  arise  in  the  progeny  of 
the  original  irradiated  CGLl  cells  after  more  than  8  days  of  growth  in 
the  transformation  assay  flasks,  which  is  equivalent  to  10-12  cell 
divisions  after  irradiation.  This  process  continues  for  about  10  days  or 
for  an  additional  12  cell  divisions. 

Because  apoptosis  is  a  genetically  controlled  mode  of  cell  death 
with  distinct  morphological  features  (for  reviews,  see  Refs.  23  and  24) 
and  a  series  of  specific  biochemical  steps  for  induction,  control,  and 
progression  after  IR  exposure  (25-31),  we  decided  to  look  for  mo¬ 
lecular  evidence  of  the  delayed  onset  of  apoptosis  in  the  progeny  of 
irradiated  cells.  p53  appears  to  play  a  role  in  the  induction  of  apoptosis 
in  heavily  damaged  cells  (25,  28-30,  32)  and  may  also  trigger  the 
downstream  transcriptional  regulation  of  Bax  and/or  Bcl-2  (29,  33, 
34),  two  opposing  apoptotic-regulatory  proteins.  We  therefore  inves¬ 
tigated  the  steady-state  levels  of  the  p53,  Bax,  and  Bcl-2  proteins  in 
IR-treated  versus  nontreated  CGLl  hybrid  cells  during  our  21 -day 
neoplastic  transformation  assay.  Our  molecular  analyses  suggest  that 
the  delayed  apoptotic  response  may  be  p53  dependent  and  caspase 
mediated  and  may  involve  alterations  in  Bax  levels.  It  is  postulated 
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that  this  novel,  delayed  apoptotic  process  may  be  a  consequence  of 
X-ray-induced,  translesion-mediated  genomic  instability  that  we  be¬ 
lieve  is  also  responsible  for  radiation-induced  tumor  suppressor  gene 
loss  on  chromosomes  11  and  14  and  the  neoplastic  transformation  of 
these  cells  (13). 

MATERIALS  AND  METHODS 

Cell  Lines.  The  derivation  of  cell  lines  CGLl  and  CGL3  has  been  de¬ 
scribed  previously  (35).  Briefly,  a  single  fusion  between  the  D98/AH-2  HeLa 
tumorigenic  cell  line  (a  HGPRT—  variant)  and  the  GM00077  normal  human 
skin  nontumorigenic  fibroblast  cell  line  was  performed  and  designated  ESH5. 
CGLl  cells  were  subsequently  isolated  from  the  third  serial  subclone  of  ESH5 
in  methycellulose  growth  selection.  The  CGLl  cell  line  is  nontumorigenic 
when  inoculated  into  nude  mice  and  is  lAP  negative  (35).  CGL3  cells  are  lAP 
positive,  spontaneous  tumorigenic  segregants  that  arose  from  the  original  cell 
hybrid  fusion  (ESH5)  after  more  than  200  population  doublings  (35).  This  cell 
line  is  used  as  the  lAP-positive  control  in  the  IR-induced  neoplastic  transfor¬ 
mation  assays  described  below.  All  hybrid  cell  lines  were  grown  as  adherent 
monolayers  in  vitro. 

Culture  Conditions.  Cells  were  grown  in  Eagle’s  modified  minimal  es¬ 
sential  medium  (Flow  Labs,  Inc.)  supplemented  with  5%  bovine  calf  serum 
(JRH  Biosciences),  2  mM  glutamine  (Sigma),  nonessential  amino  acids  (Sig¬ 
ma),  and  100  lU/ml  penicillin  (Sigma;  Refs.  9  and  36).  Sodium  bicarbonate  (20 
itiM)  was  added  to  the  medium  to  maintain  a  pH  of  7.2  in  a  95.5%  air:4.5% 
CO2  humidified  atmosphere. 

IR  Treatments.  CGLl  cells  were  plated  into  several  75-cm^  tissue  culture 
flasks  (Coming)  containing  complete  growth  medium  3-4  days  before  the 
experiment  so  that  cultures  were  ~80%  confluent  at  the  time  of  IR  treatment. 
Cells  were  then  irradiated  with  250  kVp  X-rays  at  room  temperature  (20^)  at 
a  dose  rate  of  80  cGy/min.  All  experiments  described  below  were  performed 
using  0-  and  7-Gy  treatments.  After  IR  exposure,  cells  were  incubated  for  6  h 
at  37°C  to  allow  for  the  repair  of  potentially  lethal  damage  (12,  36). 

Neoplastic  Transformation  Assays.  Irradiated  and  nonirradiated  CGLl 
cells  were  assessed  for  neoplastic  transformation  (foci  formation)  as  follows. 
After  IR  treatment  and  subsequent  time  for  the  repair  of  potentially  lethal 
damage  (described  above),  cells  in  75-cm^  flasks  were  trypsinized  and 
counted.  Cells  receiving  7  Gy  were  plated  at  25, 000-50, 000/75-cm^  tissue 
culture  flasks  containing  15  ml  of  pre-equilibrated  medium  (pH  7.2).  Multiple 
replica  flasks  (30-60)  were  prepared.  For  nonirradiated  controls,  30-60  tissue 
culture  flasks  (75  cm^)  were  plated  with  5,000  cells  in  15  ml  of  pre-equili¬ 
brated  medium  to  maintain  cell  densities  comparable  to  those  of  the  surviving 
irradiated  cells  discussed  above.  This  procedure  allowed  irradiated  and  control 
flasks  to  be  plated  at  50  viable  cells/cm^  (8).  After  7  or  8  days,  all  transfor¬ 
mation  flasks  were  fed  twice  per  week  for  the  remainder  of  the  21 -day 
expression  period  (8,  36).  On  day  21,  the  cultures  were  fixed  with  2% 
paraformaldehyde/PBS  for  20  min  and  rinsed  with  PBS.  The  flasks  were 
stained  simultaneously  and  assayed  for  lAP-positive  foci  by  adding  2  ml  of 
Western  Blue  reagent  to  each  flask  for  7  min.  Blue  foci  were  scored  against  a 
white  high-density  cell  monolayer  background  as  described  previously  (37). 
Control  cultures  were  incubated,  fed,  and  stained  for  lAP  expression  in  an 
identical  manner.  PEs  for  the  irradiated  and  unirradiated  cells  were  also  plated 
on  day  0,  scored  8-9  days  after  treatment,  and  used  in  the  final  transformation 
frequency  calculations  (8).  It  should  be  noted  that  to  demonstrate  that  the 
appearance  of  radiation-induced  neoplastically  transformed  foci  was  a  delayed 
event  after  irradiation.  Western  Blue  staining  of  sets  of  30  T-75  flasks  of 
irradiated  and  control  cells  was  performed  on  days  4,  6,  8,  11,  13,  15,  18,  20, 
and  21  as  described  above  (38). 

PE  Assays  of  CGLl  Cells  in  the  Transformation  Fiasks.  Irradiated  and 
nonirradiated  PEs  were  measured  during  the  21-day  neoplastic  transformation 
assay  as  follows.  Measurements  of  changes  in  clonogenic  PEs  of  control  and 
irradiated  CGLl  cells  in  the  transformation  flasks  on  days  4,  6,  8,  11,  13,  15, 
18,  20,  and  21  were  performed  as  described  previously  (38).  The  adherent  cells 
in  75-cm^  transformation  flasks  were  washed  gently  with  PBS,  trypsinized, 
and  counted.  From  the  single  cell  suspensions,  irradiated  and  nonirradiated 
cells  were  plated  at  100-500  cells/25-cm^  tissue  culture  flask  (six  flasks/ 
point);  the  flasks  contained  5  ml  of  pre-equilibrated  medium  (pH  7.2).  The  PE 
flasks  were  incubated  for  7-10  days  to  assess  colony-forming  ability.  Colonies 


were  stained  with  a  solution  containing  0.35%  crystal  violet  in  35%  ethanol  as 
described  previously  (9,  36).  Colonies  with  >50  normal-appearing  cells  were 
counted  as  survivors.  All  experiments  described  were  performed  a  minimum  of 
three  times,  using  six  replicate  plates/condition.  PEs  for  irradiated  and  control 
samples  were  calculated  by  dividing  the  average  number  of  colonies  in  the  six 
flasks  by  the  number  of  cells  initially  plated  (9,  36). 

Detection  of  Apoptotic  Cells.  To  assess  apoptotic  responses  during  the 
21-day  neoplastic  transformation  assays  described  above,  adherent  irradiated 
and  nonirradiated  CGLl  cells  in  the  transformation  flasks  were  investigated 
with  DAPI  morphology  staining,  TUNEL,  PS  (annexin  V),  and  PARP  cleavage 
assays  (all  described  in  detail  below)  on  days  4,  6,  8,  11,  13,  15,  and  18.  Cells 
from  the  control  and  irradiated  CGLl  cell  transformation  flasks  were  also 
replated  to  assess  PEs  on  the  same  days. 

DAPI  Staining  for  Changes  in  Morphology.  Adherent  CGLl  cells  in  the 
0  or  7  Gy  neoplastic  transformation  75-cm^  flasks  were  analyzed  for  changes 
in  cell  and  nuclear  morphology  (i.e.,  the  appearance  of  abnormal  nuclear 
blebbing,  apoptotic  bodies)  by  staining  cultures  with  the  DNA-specific  dye 
DAPI  (Sigma),  as  described  previously  (23).  Irradiated  and  nonirradiated 
cultures  were  rinsed  with  IX  PBS,  fixed  with  2%  paraformaldehyde/PBS  for 
1  h,  and  stained  for  20  min  with  DAPI.  Cells  were  rinsed  with  PBS  and  viewed 
under  a  fluorescent  inverted  phase-contrast  Leitz  microscope  with  a  camera 
attachment  (Olympus  OM4  T).  Representative  fields  at  X200  and  X400 
magnification  were  photographed  with  slide  film.  The  number  of  normal  and 
apoptotic  cells  was  scored.  Data  from  10  microscopic  fields  containing  a  total 
of  300-2000  cells  from  four  independent  experiments  were  used  to  calculate 
tbe  percentage  of  apoptotic  cells  on  the  designated  days. 

TUNEL  Assays.  Apoptotic-mediated,  endonuclease-induced  DNA  strand 
breaks  were  detected  by  the  addition  of  fluorescence-labeled  dUTPs  by  the 
TUNEL  assay  (39).  The  in  situ  cell  death  detection  kit  TUNEL  assay  (Boeh- 
ringer  Mannheim)  was  used.  On  designated  days,  adherent  cells  in  the  irradi¬ 
ated  and  control  transformation  flasks  were  fixed  with  4%  paraformaldehyde 
for  30  min,  rinsed  with  IX  PBS,  and  permeabilized  with  Triton  X-100.  Cells 
were  rinsed  twice  with  PBS,  50  fi\  of  TUNEL  reaction  mixture  were  added,  the 
cells  were  coverslipped  with  Parafilm,  and  the  reactions  were  incubated  for  1  h 
at  37°C  in  a  humidified  chamber.  TUNEL-positive  cells  were  viewed  by 
inverted  phase-contrast  fluorescence  microscopy,  and  matching  phase-contrast 
and  fluorescence  photographs  were  recorded. 

Genomic  DNA  Assays.  Cell  pellets  from  adherent  CGLl  cells  were  iso¬ 
lated  on  designated  days  from  the  transformation  flasks  (see  above)  and  stored 
at  -20^.  Genomic  DNA  was  isolated  using  a  standard  phenol/chloroform 
extraction  and  ethanol  precipitation  method  (40)  and  resuspended  in  TE  buffer 
[10  mM  Tris  (pH  8)  and  1  mM  EDTA].  RNase  A  treatment  was  performed 
overnight  at  50°C.  DNA  was  quantitated  with  a  Shimadzu  spectrophotometer, 
and  aliquots  (20  p.g)  were  brought  to  a  volume  of  20  p,l  with  TE  buffer. 
Samples  were  heated  to  70°C,  and  10  p,!  of  10  mM  EDTA  containing  1%  (w/v) 
low-melting  temperature  agarose  (Sea  Kem  LE;  FMC  BioProducts),  0.25% 
(w/v)  bromphenol  blue  (Sigma),  and  40%  (w/v)  sucrose  (Sigma)  were  added. 
Samples  were  dry  loaded  onto  a  1  %  (w/v)  agarose  gel  (Sea  Kem  LE;  FMC  Bio 
Products)  and  allowed  to  solidify  (41).  Electrophoresis  was  conducted  in  IX 
TAE  [0.04  M  Tris-acetate  and  0.001  M  EDTA  (pH  7.5)]  for  4  h  at  60  V. 
Genomic  DNA  was  visualized  under  UV  light  after  staining  with  5  /xg/ml 
ethidium  bromide,  and  gels  were  photographed.  A  1-kb  DNA  ladder  (Life 
Technologies,  Inc.)  was  included  as  a  molecular  weight  control. 

PS  (Annexin  V)  Studies.  Adherent  apoptotic  cells  in  the  transformation 
flasks  with  translocated  PS  on  their  surfaces  were  detected  by  FITC-conju- 
gated  Af,  36,000  protein  annexin  V  (42).  The  Clonetech  Apoalert  Annexin  V 
Apoptosis  Kit  (Clonetech  Laboratories,  Inc.)  was  used.  Briefly,  the  adherent 
cells  in  the  irradiated  or  nonirradiated  transformation  flasks  were  trypsinized 
and  treated  for  flow  cytometry  analysis  as  follows.  Aliquots  of  10*  cells  were 
washed  with  PBS  and  resuspended  in  binding  buffer,  equal  volumes  of  annexin 
V-FITC/PI  were  added,  and  reactions  were  incubated  at  room  temperature  in 
the  dark.  Cellular  fluorescence  was  detected  using  an  Epics  Profile  I  (Coulter) 
flow  cytometer  with  an  excitation  wavelength  of  488  nm.  The  number  of  cells 
that  were  negative  for  PI  (red  fluorescence)  and  positive  for  PS  (green 
fluorescence)  was  measured  by  flow  cytometry  and  scored  as  apoptotic. 
Quantitation  and  annexin  V  analysis  were  also  performed  on  the  floating  cells 
in  the  irradiated  and  control  transformation  flasks. 

Western  Blot  Analyses.  For  p53,  Bax,  Bcl-2,  and  a-tubulin  steady-state 
analyses,  protein  from  whole  cell  extracts  was  isolated  from  the  transformation 
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flasks  on  designated  days  after  treatment  by  adding  1  ml  of  radioimmunopre- 
cipitation  assay  lysis  buffer  [150  mM  NaCI,  1.0%  NP40,  0.05%  sodium 
deoxycholate,  0.1%  SDS,  and  50  mM  Tris  (pH  8.0)]  on  ice  for  30  min.  Lysates 
were  scraped  and  collected  in  microcentrifuge  tubes  and  centrifuged  at 
10,000  X  g  for  10  min,  and  supernatants  were  frozen  at  — 80°C.  Protein 
concentrations  in  supernatants  were  quantified  by  standard  methods,  and 
equivalent  amounts  (100  jj-g)  were  loaded  (43)  and  then  separated  by  SDS- 
PAGE.  All  separated  proteins,  including  the  PARP  blots  described  below,  were 
transferred  to  Immobilon-P  membranes  (Millipore,  Danvers,  MA).  Equivalent 
protein  loading  was  confirmed  by  Ponceau  S  staining  [0,2%  Ponceau  S  (w/v) 
in  3%  trichloroacetic  acid  (w/v)  and  3%  sulfosalicylic  acid  (w/v);  Sigma)  using 
standard  techniques. 

For  PARP  cleavage  analyses,  cells  were  washed  twice  with  ice-cold  PBS 
and  ly,sed  in  loading  buffer  [62.5  mM  Tris  (pH  6.8),  6  M  urea,  10%  glycerol,  2% 
SDS,  0.003%  bromphenol  blue,  and  5%  2-mercaptoethanol  (freshly  added)]. 
Samples  were  sonicated  with  a  Fisher  Scientific  Sonic  Dismembrator  (model 
550)  fitted  with  a  microtip  probe  and  stored  at  -20“C  for  later  analyses. 
Equivalent  amounts  of  protein  (50  p,g)  were  incubated  at  65°C  for  15  min,  and 
proteins  were  separated  by  SDS-PAGE.  PARP  immunoblots  were  treated  with 
PBS  containing  0.2%  Tween  20  and  10%  fetal  bovine  serum  for  1  h  to  prevent 
nonspecific  binding.  Membranes  were  then  incubated  overnight  with  primary 
anti-PARP  C-2-10  antibody  (Enzyme  Systems  Products,  Dublin,  CA)  diluted 
in  the  same  buffer  at  4°C,  Membranes  were  washed  in  PBS  containing  0.2% 
Tween  and  then  incubated  with  horseradish  peroxidase-conjugated  secondary 
antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  for  1  h. 

For  p53,  Bax,  Bcl-2,  and  a-tubulin  analyses,  membranes  were  blocked  for 
1  h  with  2%  blocking  agent  in  Tris-saline  buffer  (Boehringer  Mannheim), 
washed,  and  immunoblotted  with  primary  antibodies  to  p53  (clone  DO-1; 
Oncogene  Research  Products),  Bax  (clone  YTH-2D2;  Trevigen,  Gaithersburg, 
MD),  Bcl-2  (clone  Bcl-2- 100;  Sigma),  or  a-tubulin  (clone  B-5-1-2;  Sigma). 
Primary  and  secondary  antibodies  were  diluted  according  to  the  manufactur¬ 
er’s  recommendation  in  blocking  buffer.  After  incubation  for  1  h  at  room 
temperature  and  repeated  washing,  the  appropriate  horseradish  peroxidase- 
conjugated  secondary  antibodies  were  added  and  incubated  for  1  h  at  room 
temperature. 

All  Western  blots  were  washed  in  PBS  containing  0.2%  Tween,  developed 
with  enhanced  chemiluminescence  substrate  (Amersham,  Arlington  Heights, 
IL),  and  exposed  to  X-ray  film.  Autorads  were  examined  visually  and  digitized 
(EDAS  120;  Kodak  Digital  Science).  Protein  band  intensities  were  quantitated 
by  computerized  densitometry  with  image  analysis  software  (ID  Analysis; 
Kodak  Digital  Science). 

RESULTS 

The  Expression  of  Delayed  Death  and  the  Development  of 
Neoplastically  Transformed  Foci  in  Irradiated  CGLl  Cells. 

CGLl  cells  were  irradiated  with  0  or  7  Gy  of  250  KvP  X-rays  and 
plated  at  appropriate  cell  densities  in  T-75  flasks  for  a  standard  21-day 
neoplastic  transformation  assay.  Beginning  on  day  4,  0  and  7  Gy 
transformation  flasks  were  removed,  the  adherent  cells  were 
trypsinized  and  counted,  and  200-1000  cells  were  replated  to  assess 
the  PE  of  CGLl  cells  in  the  inadiated  and  control  transformation 
flasks  during  the  2 1 -day  neoplastic  transformation  assay  (Fig.  1).  The 
cell  counts  also  allowed  us  to  calculate  the  number  of  population 
doublings  that  occurred  in  the  unirradiated  and  7  Gy  transformation 
flasks  (12,  13).  The  PE  of  unirradiated  CGLl  cells  from  control 
transformation  flasks  remained  between  60%  and  85%  during  the 
21-day  assay  period.  However,  the  PE  of  CGLl  cells  from  the  7  Gy 
transformation  flasks  from  day  4  (five  population  doublings  after 
irradiation)  to  day  18  (22  population  doublings  after  irradiation)  was 
quite  different  (Fig.  1).  The  PE  of  the  cells  in  the  irradiated  transfor¬ 
mation  flasks  was  initially  1 1%  on  day  4  and  recovered  up  to  35-45% 
by  day  9(11  population  doublings  after  irradiation).  It  then  leveled  off 
for  2  days  and  declined  from  days  12-18  postirradiation.  We  have 
attributed  the  lower  PEs  observed  in  CGLl  cells  from  the  irradiated 
transformation  flasks  to  the  onset  of  delayed  death  (12,  13,  16).  The 
appearance  of  radiation-induced  neoplastically  transformed  foci  was 
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Fig.  I .  Transformation  frequency  (X)  and  PE  of  irradiated  CGLl  cells  (■)  as  a  function 
of  time  after  a  7-Gy  exposure  to  X-rays.  The  PE  of  control  unirradiated  CGLl  cells  in  the 
transformation  flasks  (□)  is  shown  as  a  control.  The  data  shown  were  accumulated  from 
three  independent  neoplastic  transformation  experiments  and  are  consistent  with  previ¬ 
ously  published  observations  (12). 


also  delayed  and  correlated  with  the  reduced  PE  in  these  cells  (Fig.  1; 
Refs.  12  and  13).  To  investigate  whether  the  leveling  off  and  subse¬ 
quent  decline  of  PE  in  the  irradiated  CGLl  cells  were  the  result  of  a 
delayed  onset  of  apoptosis,  several  apoptotic  end  points,  including 
gross  changes  in  CGLl  cell  morphology,  TUNEL  analysis,  genomic 
DNA  degradation,  and  altered  annexin  V  expression,  were  examined 
during  the  21 -day  assay  period. 

Apoptotic  Morphology  Correlates  with  Onset  of  Delayed  Death. 
Phase-contrast  and  matching  DAPI-stained  fluorescence  photomicro¬ 
graphs  of  irradiated  CGLl  cells  during  the  course  of  a  standard 
neoplastic  transformation  experiment  demonstrated  a  significant  num¬ 
ber  of  apoptotic  bodies  between  days  10  and  18  postirradiation  (Fig. 
2A).  Numerous  morphologically  abnormal,  apoptotic-like  cells/nuclei 
were  evident  on  days  10  and  15.  Counting  of  adherent  apoptotic 
versus  normal  cell  nuclear  morphology  from  days  4-20  indicates  that 
between  days  10  and  18,  25-50%  of  the  attached  cells  were  under¬ 
going  apoptosis,  and  by  day  20,  many  of  the  apoptotic  bodies  disap¬ 
peared  (Fig,  2,  A  and  B).  This  is  the  time  scale  during  which  the 
leveling  and  reduction  in  PE  of  the  cells  in  the  irradiated  transforma¬ 
tion  flasks  occur  (Fig.  1).  In  contrast,  nonirradiated  control  cells  had 
few  apoptotic  bodies  between  days  4  and  15,  with  a  small  increase 
evident  only  after  day  17  (Fig.  2),  and  a  consistently  higher  overall  PE 
(Fig.  1).  These  data  indicate  a  possible  relationship  between  the 
failure  of  the  PE  of  progeny  of  the  irradiated  cells  to  fully  recover  to 
unirradiated  PE  levels,  due  to  the  leveling  off  and  reduction  in  PE,  and 
the  appearance  of  apoptosis. 

TUNEL-positive  Cells  and  Genomic  DNA  Degradation  Corre¬ 
late  with  the  Onset  of  Delayed  Death.  TUNEL  assays  were  used  to 
confirm  that  delayed  apoptotic  responses  were  occurring  in  irradiated 
CGLl  cells.  In  Fig.  3A,  phase-contrast  and  fluorescence  photomicro¬ 
graphs  of  adherent  irradiated  and  control  CGLl  cells  on  days  15  and 
18  posttreatment  in  the  transformation  flasks  are  shown  as  examples. 
TUNEL-positive  CGLl  cells  with  corresponding  apoptotic  morphol¬ 
ogy  were  evident  in  irradiated  cells,  but  not  in  unirradiated  control 
cells  (e.g.,  see  day  15  control  cells).  The  appearance  of  TUNEL- 
positive  cells  was  concurrent  with  the  appearance  of  apoptotic  bodies 
identified  by  DAPI  staining  (Fig.  2,  A  and  B)  and  with  reduced  PE 
(Fig.  1). 

The  integrity  of  genomic  DNA  was  then  examined  because  the 
caspase-dependent  apoptotic  endonuclease  can  be  activated  in  some 
but  not  all  cells  (44,  45).  Genomic  DNA  was  isolated  at  various  times 


3974 


DELAYED  APOPTOSIS  IN  X-RAY-INDUCED  NEOPLASTIC  TRANSFORMATION 


A 


Day 

6 


Day 

10 


Day 

15 


Day 

20 


OGy 


7  Gy 


B 


Days  Post-Plating 


Fig.  2.  A,  phase-contrast  and  matching  DAPI-stained 
fluorescence  photomicrographs  of  unirradiated  (0  Gy; 
left  panels',  X200)  and  irradiated  (7  Gy;  right  panels', 
X200)  CGLl  cells  on  days  6,  10,  15,  and  20  after 
plating.  B,  quantitation  of  the  percentage  of  apoptotic 
and  normal  nuclei  in  attached  cells  in  0  (control; 
and  7  Gy  (■)-treated  transformation  flasks  by  DAPI 
staining  and  counting.  These  observations  were  con¬ 
firmed  by  five  independent  neoplastic  transformation 
experiments.  Error  bars,  SE. 


after  irradiation  (7  Gy)  from  cells  in  transformation  flasks  to  look  for 
evidence  of  DNA  degradation  and  the  possible  appearance  of  oligo- 
nucleosomal  DNA  ladders  (46,  47).  A  delayed  degradation  of  DNA, 
beginning  on  day  8  after  irradiation  and  ending  by  day  19  or  20,  was 
noted  (Fig.  3B).  DNA  degradation  was  not  accompanied  by  the 
appearance  of  a  180-200-bp  DNA  ladder  (Fig.  3S),  an  observation 
also  reported  by  others  in  a  number  of  epithelial  and  fibroblast  cells 
(46,  48,  49).  However,  the  presence  of  degraded  genomic  DNA 
correlated  with  the  delayed  appearance  of  morphologically  apoptotic 
and  TUNEL-positive  cells  at  this  postirradiation  time  and  with  the 
reduction  of  PE  (Figs.  1-3). 

Increase  in  Annexin  V-positive  Cells  Correlates  with  the  Onset 
of  Delayed  Death.  The  translocation  of  PS  (a  membrane  phospho¬ 
lipid)  to  the  cell  surface  is  a  method  of  detecting  apoptosis  that  is  not 
dependent  on  morphology  or  genomic  DNA  integrity  changes  and  can 
be  quantitated  by  flow  cytometry;  it  is  detectable  by  adding  FITC- 
labeled  annexin  V  to  cells  (42).  Flow  cytometric  analyses  of  the 
adherent  cells  in  control  and  irradiated  transformation  flasks  were 
therefore  conducted  by  staining  single  cell  suspensions  of  each  with 
FITC-labeled  annexin  V  on  days  4-18  (Fig.  4).  A  significant  increase 
in  annexin  V-positive  cells  in  irradiated  CGLl  cells  above  the  unir¬ 
radiated  control  average  of  9  ±  6%  was  not  noted  until  day  8 
(35  ±  5%).  The  percentage  of  PS-positive  CGLl  cells  increased  to 
45  ±  5%  on  days  11  and  13  and  increased  to  51  ±  9%  on  day  15  after 
irradiation.  The  delay  in  the  appearance  of  significant  annexin  V- 
positive  cells  until  day  8-18  after  irradiation  was  in  quantitative 
agreement  with  DAPI  morphology  quantitation  shown  in  Fig.  2B  and 
in  general  agreement  with  the  genomic  DNA  degradation  data  shown 
in  Fig.  3B.  The  nonirradiated  cells  in  the  control  transformation  flasks 


stayed  within  an  average  value  9  ±  6%  from  days  4-13  and  then 
increased  slightly  on  days  15  and  18  after  plating. 

It  should  be  noted  that  the  analysis  of  annexin  V  staining  and  all  of 
the  other  methods  to  measure  apoptosis  were  done  with  the  attached 
cells  in  the  transformation  flasks,  because  these  are  the  cells  that  were 
replated  in  the  PE  studies  reported  here.  However,  analysis  of  the 
floating  cells  by  annexin  V  staining  also  demonstrated  a  consistently 
larger  amount  of  late-arising  apoptotic/necrotic  (annexin  V-  and  PI- 
positive)  cells  in  the  irradiated  transformation  flasks  than  in  the 
control  transformation  flasks.  For  example,  the  percentage  of  floating 
late  apoptotic  cells  in  the  0  Gy  transformation  flasks  from  days  4-12 
was  4.0  ±  3.2%  (range,  1.2%  on  day  4  to  9.0%  on  day  12).  By 
comparison,  the  percentage  of  floating  late  apoptotic  cells  in  the 
irradiated  7  Gy  transformation  flasks  from  days  4-12  was 
27.3  ±  16.0%  (range,  8%  on  day  4  to  50%  on  day  12). 

Delayed  Apoptosis  Correlates  with  PART  Cleavage.  Cleavage 
of  PARP,  a  known  apoptotic  death  substrate,  by  caspases  activated 
during  apoptosis  commonly  results  in  a  decrease  of  the  PARP  protein 
from  1 13,000  to  a  characteristic  89,000  product  (50).  Treatment 
of  CGLl  cells  with  7  Gy  resulted  in  a  delayed  PARP  cleavage 
reaction  in  vivo,  beginning  at  day  8  after  irradiation  and  continuing  to 
day  18  (Fig.  5).  In  contrast,  the  PARP  polypeptide  was  essentially 
intact  in  unirradiated  cells  from  days  6-15,  with  only  a  minor  degree 
of  spontaneous  cleavage  evident  on  days  11-13. 

Delayed  Increase  in  p53  Correlates  with  the  Onset  of  Delayed 
Apoptosis.  We  next  examined  whether  the  delayed  apoptosis  we 
observed  was  associated  with  increased  expression  of  p53,  which  is 
thought  to  regulate  many  apoptotic  responses  (28,  51).  HeLa  cells 
have  wild-type  p53,  are  human  papillomavirus  positive,  and  express 
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4, 6,  8,  11,  13,  15,  and  18  after  irradiation.  Significant  increases  in  p53 
were  noted  only  after  6  days  postirradiation.  Densitometry  indicated  a 
progressive  increase  in  p53  protein  from  4-  to  10-  fold  on  days  6-15  after 
irradiation  compared  to  day  4.  Peak  levels  of  p53  protein  were  noted  at 
day  15  but  completely  disappeared  by  day  18  after  irradiation  (Fig.  6). 

IR  Induction  of  Bax  Correlates  with  Delayed  Apoptosis  Onset. 
p53  is  known  to  stimulate  the  downstream  expression  of  the  apo- 
ptotic-inducing  protein  Bax,  which  is  thought  to  open  pores  in  the 
mitochondrial  outer  membranes,  causing  a  loss  of  membrane  potential 
and  the  induction  of  apoptosis  (29,  33,  34,  53).  The  ratio  of  proapop- 
totic  Bax  to  antiapoptotic  Bcl-2  protein  appears  to  be  important  in  the 
decision  to  undergo  apoptosis  (54-56).  We  examined  the  steady-state 
level  of  Bax  and  Bcl-2  using  the  same  protein  extracts  and  the  same 
Western  immunoblots  originally  used  to  probe  for  p53  expression 
(Fig.  6).  A  delayed  increase  in  the  steady-state  level  of  the  Bax  protein 
was  observed,  with  the  maximum  level  of  Bax  occurring  on  day  15 
after  irradiation.  This  increase  was  concomitant  with  p53  expression. 
Densitometry  indicated  a  1.5-2. 5  increase  in  Bax  protein  on  days 
6-15  after  irradiation  compared  to  day  4.  As  with  p53,  the  levels  of 
Bax  decreased  to  control  levels  on  day  18  (Fig.  4).  Bcl-2  levels 
remained  at  a  constant  low  level  during  most  of  this  time  period. 
These  data  suggest  that  a  delayed  p53  damage  response  pathway  is 
activated  in  the  progeny  of  irradiated  CGLl  cells  during  standard 
neoplastic  transformation  assays  (Fig.  1).  Variations  in  p53  and  Bax 
levels  after  day  6  were  not  the  result  of  loading,  because  equivalent 
levels  of  a-tubulin  were  noted  on  days  6-18  (Fig.  6). 

DISCUSSION 

Our  previous  studies  using  CGLl  cells  as  an  in  vitro  model  of 
radiation-induced  neoplastic  transformation  of  human  cells  suggested 
that  two  important  consequences  of  IR  exposure  may  be  a  prolonged 
reduction  in  PE  (the  onset  of  delayed  death)  and  neoplastic  transfor¬ 
mation  (the  appearance  of  neoplastically  transformed  foci;  Fig.  1; 
Refs.  12  and  13).  We  hypothesized  that  the  onset  of  delayed  death  is 
either  a  consequence  of  an  increase  in  mitotic  cell  death  in  the 
irradiated  cell  progeny  or  perhaps  the  result  of  the  onset  of  apoptosis. 

In  this  report,  we  show  that  the  failure  of  progeny  of  the  irradiated 
CGLl  cells  to  reach  the  control  PE  levels  during  the  21 -day  assay 
period,  due  to  the  leveling  off  and  reduction  in  PE,  and  the  appearance 
of  neoplastically  transformed  foci  correlate  with  the  onset  of  delayed 
apoptosis  (Figs.  1-6).  Counting  the  apoptotic  figures  by  DAPI  nuclear 
staining  and  the  measurement  of  the  number  of  PS-positive  cells  with 


Fig.  3.  A,  phase-contrast  and  matching  TUNEL  photomicrographs  of  unirradialed  (0 
Gy)  CGLl  control  on  day  15  {top  panel)  and  7  Gy-irradiated  (middle  and  bottom  panels) 
CGLl  cells  on  days  15  and  18  after  plating.  TUNEL-positive  cells  are  delectable  in  the 
day  15  and  day  18  (7  Gy)  postirradiation  transformation  flask  (bottom  two  panels).  The 
day  15  unirradiated  cells  arc  TUNEL  negative.  Arrows  indicate  the  same  cells  in  the 
matching  phase-contrast  and  fluorescence  photomicrographs.  The  results  have  been  con¬ 
firmed  by  four  independent  neoplastic  transformation  experiments.  B,  agaro.se  gel  of 
genomic  DNA  isolated  from  irradiated  CGLl  cells  in  transformation  fla.sks  on  days  4-20 
after  irradiation.  DNA  (10  /xg)  was  dry  loaded  into  a  1%  agarose  gel  and  electrophoresed 
for  4  h  at  60  V.  These  observations  were  confirmed  in  five  independent  transformation 
experiments.  A  I-kb  marker  lane  (Lane  m)  is  also  shown. 


E6,  but  they  remain  partially  responsive  to  DNA  damage  (52).  We 
postulated  that  the  fusion  of  HeLa  with  a  wild-type  p53  human 
fibroblast  cell  line  to  create  the  whole  cell  hybrid  CGLl  might  further 
dilute  the  relative  amount  of  E6  protein  and  also  allow  a  p53  response. 
Steady-state  expression  changes  in  p53  after  IR  were  examined  using 
Western  immunoblot  analyses  (Fig.  6).  p53  expression  was  monitored 
in  CGLl  cells  after  treatment  with  7  Gy  in  standard  neoplastic 
transformation/PE  studies  by  analyzing  protein  from  the  cells  on  days 


Days  Post-Plating 

Fig.  4.  Flow  cytometric  analysis  of  7  Gy  X-irradiated  (•)  and  control  (□)  CGLl  cells 
assayed  for  the  presence  of  PS  by  FITC-labeled  annexin  V  on  days  4,  6,  8,  11,  13,  15,  and 
18  postirradiation  during  a  standard  neoplastic  transformation  experiment.  The  time  points 
were  accumulated  from  four  independent  experiments.  Error  bars,  SE. 
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Fig.  5.  Western  blot  of  PARP  from  protein  iso¬ 
lated  from  the  7  Gy-irradiated  transformation  flasks 
on  days  4-18  after  irradiation  and  from  unirradiated 
control  {0  Gy)  transformation  flasks  on  days  6-15 
after  plating.  Untreated  MCF-7  cells  (C)  and  cells 
treated  with  staurosporine  (STS),  a  universal  apop¬ 
tosis  inducer,  are  shown  as  controls.  Intact  PARP 
runs  at  A/,.  113,000,  and  the  caspase-cleaved  prod¬ 
uct  runs  at  M,.  89,000.  These  observations  were 
confirmed  in  two  independent  transformation  ex¬ 
periments. 
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annexin  V  indicated  that  >40%  of  the  population  appears  to  be 
undergoing  apoptosis  on  days  11-18,  when  the  plateau  and  reduction 
in  PE  occurs.  This  suggests  that  the  onset  of  delayed  apoptosis  plays 
a  role  in  the  expression  of  delayed  death  in  the  irradiated  CGLl  cells 
observed  in  Fig.  1 .  It  is  important  to  note  that  the  PE  of  unirradiated 
CGLl  cells  from  control  transformation  flasks  remained  between  60% 
and  85%  during  the  21-day  assay  period,  and  evidence  of  a  relatively 
small  amount  of  apoptosis  is  seen  only  near  the  end  of  this  period 
(Figs.  1-5). 

The  delayed-onset  apoptosis  was  characterized  by  changes  in  cell 
and  nuclear  morphology  characteristic  of  apoptosis  (Ref.  23;  Fig.  2,  A 
and  B),  the  appearance  of  TUNEL-positive  cells  (Ref.  57;  Fig.  3A), 
genomic  DNA  degradation  (Fig.  3S),  and  the  extemalization  of  PS 
detected  by  reactivity  with  the  annexin  V  antibody  (Ref  42;  Fig.  4). 
The  eventual  disappearance  of  the  apoptotic  cells  [seen  in  Fig.  2,  A 
and  B  and  by  the  disappearance  of  genomic  DNA  degradation  (Fig. 
3B)]  suggests  that  the  induction  of  apoptosis  is  transient  and/or 
perhaps  that  severely  genomically  altered  cells  were  selected  from  the 
population  and  removed. 

Because  apoptosis  is  a  genetically  controlled  mode  of  cell  death 
with  distinct  morphological  features  (for  reviews,  see  Refs.  23  and  24) 


Days  Post-Irradiation 
4  6  8  11  13  15  18 


-^p53 
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-  -^Bcl2 
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Fig.  6.  Western  blots  of  total  protein  isolated  from  cells  on  days  4,  6,  8,  II,  13, 15,  and 
18  after  irradiation  and  probed  for  p53,  Bax,  and  Bcl-2.  a-Tubulin  is  shown  as  a  loading 
control.  Densitometry  confirms  a  4-10-  fold  increase  in  p53  protein  from  days  6-15  and 
a  1.5  -2-fold  increase  in  the  level  of  the  Bax  protein  during  this  time  period.  These 
observations  were  confirmed  in  three  independent  transformation  experiments. 


and  a  series  of  specific  biochemical  steps  for  induction,  control,  and 
progression  after  IR  exposure  (25-31),  experiments  to  detect  molec¬ 
ular  evidence  of  the  delayed  apoptosis  were  undertaken.  One  of  the 
important  pathways  in  the  execution  phase  of  apoptosis  is  the  activa¬ 
tion  of  a  series  of  apoptotic  cellular  proteases  referred  to  as  caspases, 
which  are  activated  zymogens  that  cleave  key  cell  death  substrates 
such  as  the  PARP  DNA  repair  protein  (50,  58,  59).  In  Fig.  5,  we 
demonstrated  that  the  1 13,000  PARP  protein  was  intact  in  irradi¬ 
ated  cells  until  day  8  after  irradiation.  However,  from  days  8-18  after 
irradiation,  the  intact  PARP  polypeptide  decreased  dramatically,  .t'lid 
a  corresponding  increase  in  its  Af,  89,000  fragment  was  observed. 
Such  cleavage  in  vivo  is  diagnostic  for  the  activation  of  a  select 
number  of  caspases,  including  caspases  3  and  6  (60-62).  In  samples 
from  nonirradiated  CGLl  cells,  on  the  other  hand,  the  full-length 
PARP  polypeptide  remained  essentially  intact  from  days  6-15,  with 
only  minor  increases  in  the  M,  89,000  apoptotic  PARP  fragment.  The 
extent  to  which  PARP  cleavage  occurred  in  vivo  closely  paralleled  the 
overall  amount  of  apoptosis  that  was  observed  using  a  variety  of  other 
cellular  end  points.  These  data  support  our  proposal  that  the  onset  of 
apoptosis  is  delayed  after  IR  exposure  and  begins  after  more  than  8 
days  postirradiation.  This  is  in  contrast  with  other  examples  of  IR- 
induced  apoptosis  and  associated  PARP  cleavage  that  are  evident 
within  several  hours  after  irradiation  (63).  These  data,  together  with 
the  other  end  points  assayed  above,  suggest  that  delayed,  IR-induced, 
caspase-mediated  apoptosis  occurs  at  a  time  consistent  with  the  lower 
PE  of  the  cells  from  the  irradiated  transformation  flasks. 

How  IR-induced  DNA  damage  and  genomic  instability  may  be 
linked  to  apoptosis  is  currently  under  intense  investigation.  Because 
the  tumor  suppressor  gene  p53  may  control  apoptosis  in  many  systems 
(28,  32,  64,  65),  the  steady-state  levels  of  p53  protein  in  IR-treated 
versus  nontreated  CGLl  hybrid  cells  over  a  21-day  period  were 
investigated.  HeLa  cells  have  wild-type  p53,  are  human  papillomavi¬ 
rus  positive,  and  express  E6,  but  they  remain  partially  responsive  to 
DNA  damage  (52).  Steady-state  expression  changes  in  p53  after  IR 
show  a  delayed,  slow  increase  in  p53  protein  levels  after  day  6 
postirradiation,  which  peaked  by  day  15  and  disappeared  by  day  18 
(Fig.  6).  These  data  suggest  that  a  delayed  increase  in  the  steady-state 
level  of  p53  in  the  progeny  of  irradiated  CGLl  cells  correlates  with 
delayed-onset  apoptosis.  Furthermore,  the  fact  that  increased  levels  of 
p53  were  apparent  for  more  than  15  days  after  irradiation  and  then 
disappeared  after  day  18  (which  appeared  to  correlate  with  the  dis¬ 
appearance  of  apoptotic  cells  in  Fig.  2)  strongly  suggests  a  p53- 
dependent  apoptotic  response  pathway.  We  hypothesize  that  the  emer¬ 
gence  of  genomically  unstable  cells  may  have  triggered  the  delayed 
p53  induction  response,  perhaps  as  a  result  of  a  delayed  production  of 
DNA  double-strand  breaks.  p53  induction  responses  have  been  linked 
to  the  production  of  double-stranded  DNA  breaks  (32).  Because  the 
progeny  of  the  irradiated  CGLl  cells  continue  to  cycle,  either  repli¬ 
cation  past  unrepaired  or  misrepaired  sites  (i.e.,  translesion  DNA 
synthesis)  after  radiation  damage  or  IR-induced  error-prone  repair 
could  result  in  instability  and  the  delayed  production  of  double  strand 
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breaks  (28,  32,  64,  65).  Studies  to  investigate  the  nature  of  the  delayed 
DNA  damage  are  in  progress. 

Data  from  a  number  of  laboratories  have  indicated  that  p53  induc¬ 
tion  responses  may  play  a  major  role  in  apoptosis  in  heavily  damaged 
cells  (25,  28-30,  32).  In  certain  cells,  p53  may  trigger  the  downstream 
transcriptional  regulation  of  Bax  and/or  Bcl-2,  two  opposing  apopto- 
tis-regulatory- proteins  (29,  33,  34,  66).  Bax  appears  to  stimulate  the 
initiation  of  apoptosis  (54,  67)  by  altering  mitochondrial  function  (29, 
68,  69).  majority  of  these  molecular  studies  on  the  mechanism(s) 
of  induction  of  apoptosis  following  IR  have  focused  on  the  first  few 
cell  cycles  (<96  h)  posttreatment  (25,  51,  64,  70-74).  Therefore,  we 
investigated  whether  the  delayed  transient  increase  in  p53  results  in 
increased  steady-state  levels  of  the  Bax  proapoptotic  protein.  A  mod¬ 
erate  increase  in  Bax  protein  levels  was  observed,  which  peaked  15 
days  postirradiation,  concomitant  with  p53  increases.  Both  Bax  and 
p53  levels  then  returned  to  basal  levels  by  day  18  postirradiation.  Low 
constant  levels  of  Bcl-2  protein  were  evident  during  these  time  peri¬ 
ods.  These  data  suggest  that  IR-induced,  delayed  apoptosis  in  CGLl 
cellsjnvolves  the  delayed  induction  of  the  p53  damage  response 
pathway  that  subsequently  up-regulated  Bax  and  signaled  apoptosis. 
'"The  jWayed.<^pearance  of  neoplastic  foci  in  the  CGLl  human 
hybridj  cejj'^stem  may  be  the  result  of  the  delayed  onset  of  genomic 
Jnsta.'oilitv  wftL  resultant  damage  to  alleles  on  both  chromosomes  1 1 
aria  14  in  the  same  cell  (6,  12).  However,  we  have  isolated  eight 
radiation-induced  neoplastically  transformed  hybrid  cell  lines  (GIMs) 
that  demonstrated  stable  PEs  and  long-term  chromosomal  stability  in 
culture  (6,  9,  16).  This  suggests  that  any  radiation-induced  genomic 
instability  that  produced  the  GIMs  may  be  transient.  The  data  reported 
here  indicate  that  the  delayed  apoptosis  seen  in  this  system  may  also 
be  a  transient  phenomenon  postirradiation. 

A  potential  link  between  the  expression  of  delayed  heritable  damage 
and  genomic  instability  with  the  induction  of  apoptosis  was  recently 
suggested  as  a  method  to  rid  the  population  of  poorly  repaired  or  “un¬ 
stable”  cells  that  might  progress  to  cancer  (21).  Very  recently,  a  link 
between  reproductive  failure,  apoptosis,  and  compromised  genomic  in¬ 
tegrity  in  a  human/hamster  cell  line  has  been  reported  (75).  In  our  cell 
system,  the  mechanisms  for  either  escaping  death  or  controlling  genomic 
instability  may  lie  on  chromosomes  1 1  and/or  14  because  maintaining 
these  chromosomes  allows  the  suppression  of  neoplastic  transformation 
(5,  6,  13).  Very  recently,  we  have  shown  that  previous  loss  of  chromo¬ 
some  1 1  in  the  CGLl  cells  increases  radiation  sensitivity  and  neoplastic 
transformation  frequency  (76).  We  propose  that  IR-induced  instability  in 
this  system  has  two  relevant  outcomes:  (a)  delayed  cell  death  by  p53- 
dependent  postmitotic  apoptosis  in  cells  that  have  developed  large-scale 
genomic  damage  or  loss  through  misrepair  or  translesion  DNA  synthesis; 
and  (b)  neoplastic  transformation  of  a  subset  of  survivors  that  have  lost 
fibroblast  chromosomes  1 1  and  14  (tumor  suppressor  loci)  but  have  not 
acquired  enough  genetic  damage  to  induce  apoptosis  or  have  found 
pathways  for  avoidance  of  apoptosis,  perhaps  by  mutation  of  genes 
involved  in  its  regulation. 

We  and  others  have  proposed  that  the  consequences  of  exposing 
mammalian  cells  to  IR  can  be  examined  and  divided  into  three 
categories:  (a)  short  term  (several  hours  to  a  few  days);  (b)  interme¬ 
diate  term  (weeks  to  months);  and  (c)  long  term  or  late  (month  to 
years)  post-irradiation.  Death  after  IR  exposure  in  many  mammalian 
cells  is  postmitotic  and  can  take  a  few  rounds  of  cell  division  to  be 
manifested  postirradiation  (72,  77,  78).  In  some  cells  mitotic  death  or 
postmitotic  catastrophe  may  also  be  accompanied  by  the  onset  of 
programmed  cell  death  or  apoptosis  during  the  first  few  cell  cycles 
after  IR  (31,  65,  71,  72,  79,  80).  It  has  been  shown  here  that  the 
expression  of  delayed  death  after  irradiation  appears  to  be  the  result  of 
apoptotic  death,  with  the  onset  of  significant  apoptosis  not  appearing 
until  more  than  8  days  after  irradiation,  which  is  equivalent  to  10  cell 


population  doublings  in  these  cells.  We  and  others  have  hypothesized 
that  the  induction  of  genomic  instability  leading  to  chromosome  and 
chromatid  aberrations  in  the  progeny  of  the  irradiated  cells  may 
provide  the  link(s)  between  short-term  and  long-term  consequences  of 
IR  exposure  (12,  20,  22,  81,  82). 

A  novel,  IR-induced  apoptotic  process  has  been  described  that  devel¬ 
ops  in  the  progeny  of  the  irradiated  CGLl  cells  more  than  9  days  or  12 
cell  divisions  after  irradiation.  This  process  correlates  in  time  with  the 
appearance  of  neoplastically  transformed  foci  in  these  cells.  A  deeper 
understanding  of  the  molecular  pathways  being  activated  during  the  onset 
of  this  delayed  apoptosis  and  the  nature  of  the  DNA  damage  triggering 
this  response  should  give  us  further  insight  into  the  molecular  mechanism 
of  radiation-induced  neoplastic  transformation  in  human  cells. 
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